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Abstract
For more than 50% of the world population, rice is the main staple food. It is a water inten-
sive crop requiring 2-3 times more water compared to other cereals, hence currently achieved
Water Productivity (WP) is low. According to the International Rice Research Institute,
unproductive water losses in lowland rice fields are more than 50%. Rice production is in-
creasingly restricted by water shortage in many regions due to climate change. Therefore,
novel irrigation management strategies are needed to improve WP and thus, the rice pro-
duction.
Direct Seeded Deficit Irrigated Rice Systems (DSDIRS) is a novel strategy, in which rice
is directly seeded in aerobic soils and grown under continuous drought stress. This strategy
offers the possibility to significantly improve the WP and is less studied in rice cultivation
compared to other crops. Therefore, it was the main objective of this study to investigate
the combined effect of direct seeding and continuous drought stress on yield and WP of
rice.
The study was carried out in three phases using soil matric potential based irriga-
tion. State of the art of DSDIRS was experimentally analysed in phase 0 using a plant
house experiment and a field experiment carried out in Sri Lanka. Based on the research
outcomes from phase 0, a laboratory level pot experiment was conducted in Germany under
artificial lighting conditions in phase 1. Results of the preceding experiments led to an im-
proved tailor-made container experiment in phase 2 with more control over water balance
and climate. Experimental results were statistically analysed and simulated with the crop
model APSIM-Oryza. The response of root development in relation to drought stress was
studied as a part of the research.
Experimental and model results confirm that direct seeded rice production under con-
tinuous drought stress is a feasible technique and improves yield and WP. At 0-40mbar
soil tension without ponding, experimented local rice variety Bg300, doubled the WP, pro-
ducing 21% higher grain yield and saving 44% of irrigation water compared to the flooded
rice. Considering overall performance, rice grown at 150mbar tension shows the optimum
results in terms of increasing yield, WP and irrigation water savings. Plant roots were con-
centrated at the base, showing a greater horizontal development under wet regimes and in
dry regimes more vertical root distributions with a higher fraction of small diameter roots
were observed. Simulations of plant growth, biomass and yield by APSIM-Oryza showed a
good fit with the observed values in model validation and in scenario analysis. LAI simu-
lations did not show a good fit with the observed values in dry soil conditions.
Field experiments limit the control over climatic boundary conditions. Laboratory ex-
periments give more control over climate, but pot experiments limit the root growth which
restricts plant development. Therefore, container experiments are desired for a precise
investigation of yield and WP under DSDIRS. In future experiments, microcosms with
precise lighting conditions and environments are possible for further investigation of DS-
DIRS. Combined stress effects such as drought and heat or drought and salinity on DSDIRS
should be evaluated in the long run.
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Introduction
1.1 Background
Food security to sustain the growing world population is one of the key challenges for
mankind. About 800 million people in the developing world do not have enough to eat,
while another 41 million people in the industrialised countries and countries in-transition
suffer from chronic food insecurity (FAO, 2015). The question “whether it is possible to
produce sufficient food?” is associated with many uncertainties. On top of this will be
the impact of climate change and variability in soil characteristics. Unimpeded greenhouse
gas emissions, increased temperatures and CO2 levels, changes in precipitation patterns,
melting glaciers, water scarcity, flooding, sea level rise, salinity, pest and disease outbreaks
are such negative consequences from climate change, which threaten world food security
(Nelson et al., 2009). On the other hand, agriculture and human well-being will be nega-
tively affected by climate change by declined crop yields, increase in crop and meat price,
reduction in consumption of cereals leading to reduced calorie intake and increased child
malnutrition. Agriculture is the largest global water user projected to continue increasing
water withdrawals placing further pressure on aquatic ecosystems.
Rice (Oryza sativa L.) is the second largest cereal crop grown worldwide. Rice is unique
in its ability to grow and yield in a wide range of agro-ecological conditions; from flooded
lowlands to drought prone uplands and from humid tropics to cool temperate climates. Rice
provides 35-60% of the dietary calories (Fageria, 2007; Jua et al., 2015) for one-half of the
world population and all East and Southeast Asia are wholly dependent upon rice (Ferrero,
2006). More than 75% of the world’s rice supply comes from irrigated rice production in
Asia. This system is a major user of fresh water, accounting for approximately 50% of the
total diverted fresh water in Asia. Global rice demand in 2020 is projected to increase by
35% and much of this increase will rely on irrigated rice systems (Cabangon et al., 2002).
The International Food Policy Research Institute forecasts that rice productivity in 2025
will be reduced by 14% in South Asia, 10% in East Asia and the Pacific, and 15% in
Sub-Saharan Africa, despite the increase in rice price from 32% to 37% due to climate
change (Nelson et al., 2009). It is estimated that, by 2050, 2 million ha of Asia’s irrigated
dry-season rice and 13 million ha of its irrigated wet-season rice may experience “physical
water scarcity” and most of the approximately 22 million ha of irrigated dry-season rice
in South and Southeast Asia may suffer “economic water scarcity” (Tuong and Bouman,
2003). Water scarcity affects not only the ability of rice fields to produce food, but also the
environment and the other ecosystem services of rice fields, human health, development,
energy security and the global food supply (De Nicola et al., 2015; Pereira et al., 2009).
Since rice usually consumes more water than the other cereals, Water Productivity (WP)
of rice is less compared to the other cereals. A range of values for WP of rice is observed
according to different locations, research and the methods used. Global average crop WP
values are 1.09 kg/m3 for wheat and rice and 1.80 kg/m3 for maize. However, the range of
crop WP is very large (wheat, 0.6-1.7 kg/m3; rice, 0.6-1.6 kg/m3; and maize, 1.1-2.7 kg/m3)
1
Chapter 1 Introduction
and thus offers tremendous opportunities for maintaining or increasing agricultural produc-
tion with 20-40% less water resources (Zwart and Bastiaanssen, 2004). Tuong and Bouman
(2003) reported WPET of rice as 0.5-1.1 kg/m3 in India and 1.4-1.6 kg/m3 in the Philip-
pines. Bouman et al. (2000) and Kijne et al. (2003) state rice WPET values range from
0.40-1.61 kg/m3 and WPI+P from 0.05-1.10 kg/m3. Very low values observed in WPI+P
could be due to the deep percolation, soil evaporation and stored soil moisture in root
zone. These varying values depending on the climate, crop physiology, location and accu-
racy of experimental data suggests that they can only be used on local level and cannot be
used on macro scale planning in agricultural water management (Zwart and Bastiaanssen,
2004).
In contrast to the above, WP analysis by the International Food Policy Research Institute
at the global and regional levels shows, that WP of rice ranged from 0.15-0.60 kg/m3 while
that of other cereals ranged from 0.2-2.4 kg/m3 in 1995. According to the Figure 1.1, WP
for rice is lowest in sub-Saharan Africa which is in the range of 0.1-0.14 kg/m3 and the
average yield is around 1.4 t/ha (Kijne et al., 2003).
Figure 1.1: Water productivity of rice in 1995
(Source: Kijne et al., 2003)
Among developing countries, China and some South-East Asian countries have a higher
WP of rice, ranging from 0.4-0.6 kg/m3. However, the average WP of the developed world;
0.47 kg/m3 (yield 4.7 t/ha) is higher than the WP of the developing world which is
0.39 kg/m3 (yield 3.3 t/ha). Model predictions of the study shows that from 1995 to 2025,
the global average WP of rice and other cereals will increase from 0.39 kg/m3 to 0.52 kg/m3
and from 0.67 kg/m3 to 1.01 kg/m3, respectively.
In the context of increasing food production with limited water resources, which is a
main challenge for the irrigated agriculture sector in the 21st century (Mancosu et al.,
2015; Tilman et al., 2002), rice is a significant aim for water use reduction. Therefore, it
is important to study extensively about this crop, its water consumption, performance of
irrigation systems and the ways to improve its yield and WP to secure sufficient food for
the growing population.
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Sri Lanka is a country, where 80% of irrigated lands are developed for paddy rice cul-
tivation. Irrigated agriculture utilizes 90% of water resources of the country. Meanwhile
the productivity of existing irrigation areas is constrained by temporal and spatial water
shortages. Climatic analyses have revealed that during the period 1961-1990, the mean air
temperature of the country increased by 0.016°C per year, while the mean annual precipita-
tion decreased by 144mm (7%) compared to that of the period 1931-1960 (IUCN, 2015). On
the other hand, the area of rain-fed agriculture is decreasing due to population growth and
it forecasts to fall down to 200,000 ha by 2025 (Imbulana et al., 2000). Therefore, Sri Lanka
was selected as a case study to conduct the current research.
1.2 Research Gaps and Objectives
Despite the available literature on plentiful experiments, there is an increase in WP over
the past 20 years due to increased yield from the development and adoption of improved
varieties and other management strategies and to a lesser degree to the introduction of water
management. Therefore, increasing WP through water management is highly important
under water scarce conditions in many parts of the world. Available literature shows that
most of these strategies are based on intermittent irrigation scheduling, alternate wetting
and drying or zero ponding. In most of these methods, plants are either over-irrigated or
under-irrigated due to lack of fixed criteria for re-watering under different environments
with soil heterogeneity, different management practices, climate variability and crop variety.
Many of the available research has been carried out under surface irrigation with rain-fed
or non-irrigated sites or assume a full irrigation management and less on precision irriga-
tion. Therefore, currently achieved WP is not the maximum and still can be increased. Most
of the existing irrigation management plans have failed to take climate variability and cli-
mate change into consideration. A few (Brumbelow and Georgakakos, 2007; Schütze, 2010)
focus on deficit irrigation systems and the impact of climate variability on Crop Water Pro-
duction Functions (CWPF). Out of them, many studies have been carried out on drought
stress impacts on specific growth stages, either during drought tolerant stages or only
during sensitive growth stages.
Direct seeding of rice is spreaded in Asia as a seed establishment method. It saves massive
amount of irrigation water, labour, avoids transplanting-stress and ensures early maturity
(Matloob et al., 2015; Okami et al., 2013; Weerakoon et al., 2011). Direct seeded rice is
often grown similar to transplanted rice after seed establishment, under rain-fed conditions
or under flooded irrigated conditions. Direct seeded rice grown under continuous drought
stress is less studied and little is known about optimal water management for direct seeded
rice. Consequently, irrigation scheduling for direct-seeded rice under different climates is
less studied and is different from that of transplanting (Kaur and Mahal, 2015). However,
less literature is available on application of this strategy in rice cultivation. Most irrigation
studies have focused on Regulated Deficit Irrigation (RDI), eliminating drought stress
during sensitive growth stages or applying reduced irrigation amounts during sensitive
growth stages.
Therefore, the main objectives of the research are,
1. To investigate the combined effect of direct seeding and continuous drought stress on
yield and WP of rice,
2. To develop improved irrigation management techniques for Direct Seeded Deficit
Irrigated Rice Systems (DSDIRS) and
3. To validate and evaluate the crop growth model APSIM-Oryza for DSDIRS.
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Chapter 1 Introduction
The proposed research is primarily based on enhancing food security in Sri Lanka with a
focus on improving WP of rice cultivation. This is the first study carried out in Sri Lanka
under a combination of continuous drought stress and direct seeding in rice.
Specific objective was to investigate the crop physiological and phenological responses
under DSDIRS. Growth and yield under artificial lighting conditions or in plant factories
which is the recent focus to increase food production in climates with less solar radiation
is less experimented. Current study has a considerable contribution in this focus area.
1.3 Research Strategy
To achieve the above research objectives, study was carried out through four different irri-
gation experiments. Soil matric potential was used as the irrigation criteria throughout the
study. At the preliminary stage 0, a plant house experiment and a field experiment were car-
ried out in Sri Lanka. Plant house study was conducted under irrigated conditions. Locally
fabricated tensiometers were used to measure soil matric potential. Initially, soil hydraulic
properties were not available and not measurable due to a flood, occurred by unfavourable
weather conditions. Therefore, plants were irrigated on trial and error basis. Due to the
limited number of treatment replicates, Leaf Area Index (LAI); an important measurement
was not measured by destructive methods.
Field experiment was designed and conducted in parallel to the plant house study at the
same field under same soil and climate conditions with supplemental irrigation. Standard
tensiometers were used to measure the soil matric potential. Though the field experiment
was a success, it was clearly observed that there was a variation among the experimental
blocks with respect to plant growth and the yield. Experimental blocks which were near to
a field irrigation channel, which also had a variability in soil, showed higher plant growth
and yield. This gradient could be due to either seepage of water from irrigation channel
and/or due to soil heterogeneity within the experiment field.
In order to generalize the outcome of the experiments and transfer them to other soils
and climate boundary conditions, a second lab experiment was required. This second lab
experiment was a pot experiment conducted under artificial lighting and similar soil con-
ditions. Prior knowledge was not available for rice growth under artificial lighting, hence
provided radiation was not sufficient to produce a good yield and there was an interaction
effect from low radiation and irrigation in some treatment replicates. Field experiments
limit the control over climatic boundary conditions. Though lab experiments provide more
control over climate, root growth is restricted in small pots. Therefore, a container exper-
iment was designed and executed as a tailor-made set-up for DSDIRS to overcome these
restrictions.
Available literature shows, that water savings under saturated soil conditions are on av-
erage 23% (±14%) with yield reductions of only 6% (±6%). Alternate Wetting and Drying
(AWD) irrigation technique in many studies shows, that the rice yield losses significantly
when the soil matric potential decreases below -200mbar (Carrijo et al., 2017). Moreover
in clayey soils, intermittent drying may lead to shrinkage and cracking, thereby risking
increased soil water loss, increased water requirements and decreased WP (Bouman and
Tuong, 2001). Unlike the other plants, due to semi-aquatic nature of rice, drought stress
affects the plant growth, when soil water contents drop below saturation (Bouman and
Tuong, 2001).
On the other hand, all experiments were conducted under continuous drought stress
using a lowland rice variety which is less tolerant to drought. When continuous drought
stress at high soil matric potentials are applied throughout the growth period, it could
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cease the plant growth at the early stages without completing the life cycle. Other rice
related researches are focused on Regulated Deficit Irrigation (RDI), applying higher water
potentials only during drought tolerant growth stages. Therefore, the effect of drought on
plant growth and yield is different. Due to these reasons, low soil matric potentials around
field capacity were used in this study with the intention of investigating the maximum
threshold soil matric potential level for rice production under DSDIRS.
Results from the field experiment and tailor made container experiment were simulated
using crop growth model APSIM-Oryza. This model is developed based on the standalone
rice crop model ORYZA2000, to simulate cropping systems, management practices interac-
tion between crop and soil fertility status including lowland rice. Standalone ORYZA2000
model shows higher Root Mean Square Errors (RMSE) between simulated and measured
values for total biomass and yields across experiments in non-drought and drought and/or
nitrogen-deficient environments (Li et al., 2017). In addition, solute transport and soil water
balance variable inputs are not available in the earlier version of ORYZA2000. Soil param-
eters such as pH, soil Nitrogen content, Bulk density were introduced to the ORYZA2000
in 2013. Because of these reasons, APSIM-Oryza was used in this study. The crop growth
model APSIM-Oryza was calibrated using secondary data from previous field experiments
conducted in the same study area, validated against the field experimental results and
evaluated using container experiment results. Crop model was used only to evaluate the
experimental results and to see whether the results can be reproduced by the model.
1.4 Outline of the Thesis
This dissertation is extended over six chapters. Second chapter is allocated for fundamentals
and scientific background. The review of literature leading to the state of the art is presented
in chapter three. Proposed novel strategy for improving WP of rice is explicated in chapter
four. As an analysis of the state of the art, plant house experiment and field experiment were
implemented. Other controlled environmental studies were designed and improved based
on these primary results. Research findings, statistical data analysis and model simulations
are presented and discussed in chapter five. Variation in root growth characteristics under
drought stress are discussed at the end of chapter five. Chapter six highlights the main
conclusions of the entire research and gives an outlook for future work.
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Chapter 2
Fundamentals and Scientific Background
This chapter briefly reviews the scientific background which is relevant to the research for
better understanding of the work. It introduces the basic concepts of soil water balance,
plant water requirement, soil plant atmosphere continuum and WP.
2.1 Soil Water Balance in a Paddy Field
Figure 2.1: Water balance components of a paddy field
The water balance of a rice field (Figure 2.1) consists of the inflows by irrigation, rainfall,
capillary rise and the outflows by transpiration (T), evaporation (E), runoff or over bund
flow, seepage and percolation. Because of its flooded nature, a rice field has a water balance
different from dry land crops.
A typical puddled rice field has a layer of 0-10 cm of ponded water, a puddled muddy
topsoil layer of 10-20 cm, a plough pan (hard pan) formed through puddling and undisturbed
subsoil. In aerobic soils capillary rise may move water into the root zone and provide extra
water to the crop. In flooded rice fields, there is a continuous downward flow of water
(percolation) from the puddled layer to below the plough pan that prevents capillary rise
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(Tabbal et al., 2002). Therefore, capillary rise is neglected in the water balance of flooded
rice fields. Seepage is the subsurface flow of water underneath the bunds of a rice field. With
well-maintained bunds, seepage is generally small.
In a topo-sequence of rice fields, seepage loss from one field may be offset by incoming
seepage from another field located higher up. Considerable seepage can occur from top-end
fields and from bottom-end fields bordering drains or ditches. Percolation is the vertical
flow of water below the root zone. The percolation rate is influenced by the water regime in
and around the field. Large depths of ponded water favour high percolation rates. Seepage
and percolation flows are not easily separated because of transition flows that cannot be
classified as either percolation or seepage.
In controlled experiments runoff can be neglected, then the change in soil water storage
equals to the difference in irrigation (or rainfall and irrigation) and evapotranspiration
(ET). Typical combined values for seepage vary from 1-5mm/d in heavy clay soils and
25-30mm/d in sandy and sandy loam soils. Typical ET rates of rice fields in the tropics
are 4-5mm/d in the wet season, 6-7mm/d in the dry season and 15mm/d in subtropical
regions (Abdullahi et al., 2013).
During crop growth, T is the only productive water flow as it contributes to crop growth
and development. When rainfall raises the level of ponded water above the height of bunds,
excess rain leaves the rice field as surface runoff or over bund flow. This surface runoff
can flow into a neighbouring field, but, in a sequence of fields, neighbouring fields will
pass on the runoff until it is lost in to a drain or a ditch. Since the roots of rice plants
generally don’t penetrate the compacted layer, the contribution to transpiration from the
subsoil is negligible. During the crop growth period, about 30-40% of evapotranspiration
is evaporation. Therefore, it is useful to distinguish between the water outflows from rice
fields that are re-usable and non-reusable (Bouman et al., 2005).
2.2 Plant Water Requirement in Rice Cultivation
Water for lowland rice is required for land preparation and to match seepage, percolation
and ET outflows during crop growth.
Land preparation is the first step in cultivation to ensure that the field is ready for
planting. It can be either wet or dry preparation. Wet preparation is the most common
and high-water demanding method carried out under saturated or flooded condition for
a period of 3-4 weeks. Under dry land preparation less water is required as soils are not
puddled.
Plant water requirement during crop growth vary depending on the season, stage of
growth (see Appendix A for crop growth stages), soil type and climate. According to IRRI,
water requirement is low during the seedling stage and saturation condition is sufficient
(Datta, 1981).
Highest plant water requirement for rice is during reproductive stage. Water stress dur-
ing this stage causes a reduction in number of filled grains which results in severe yield
reductions (Boonjung and Fukai 1996a; Datta, 1981; Lilley and Fukai, 1994). Most stud-
ies suggest that continuous saturation or shallow flooding (∼5 cm) is the optimum water
management for the reproductive stage.
Plant water requirements are low during the grain ripening stage. Datta (1981) suggests
that no standing water is required during most of the ripening stage. Studies have found
that terminating flooding as early as 2 weeks following heading does not affect grain yield
and can significantly reduce water consumption (IRRI, 1999; Grigg et al, 2000). Total water
requirement for lowland rice increases with the age of rice crop (DOA, 2011).
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2.3 Soil-Plant-Atmosphere Continuum
Plants absorb water from soil through roots, conduct it through their bodies and transpire
it into the atmosphere through leaves. This is continuous in the soil-plant-atmosphere as
long as the soil water is available and plants are actively growing. In this system, the flow
takes place along the water potential gradient from higher to lower potential energy and
the flow rate is inversely proportional to resistance met in the path.
The resistance is greatest in the leaf-atmosphere inter-phase and least in the plant, the soil
offering the intermediate. In the leaf-atmosphere inter-phase, where the water transforms
into vapour, the process is essentially diffusion influenced by aerodynamic factors. The
greater the diffusion pressure deficit, the greater is the magnitude of this transformation
into vapour form. Therefore, the concept that the rate of water availability decreases with
a decrease in soil water content does not hold good always. The transpiration rate is low
under low evaporative demand of the atmosphere even if the soil water availability or soil
water content is very high. Water flows through soils in either saturated or unsaturated
condition. Unsaturated condition is more complex than saturated flow and contains non-
linear relationships between involved variables such as the soil-water content, soil-water
potential or hydraulic conductivity (Hillel, 2004).
2.4 Soil Water Potential
Soil water potential (the potential energy of water per unit volume relative to pure water in
reference conditions) gives the information about the amount of water present in the root
zone and its availability for plant root system. Therefore, soil water content along with soil
water potential should be considered when dealing with plant growth and irrigation. For a
specific soil, the soil water content and soil water potential are related to each other, and
the soil water characteristic curve provides a graphical representation of this relationship
(Sławiński and Sobczuk, 2011).
Water always moves from positions with high potential to positions with low potential
releasing energy along its way. The movement stops once energy is equally distributed
within the system and every position possesses the same total potential.
The total water potential which has the dimension of pressure (Scheffer et al., 2010)
is equal to the summation of individual potential components; gravitational potential ac-
counting for the gravitational influence due to the position of water relative to a reference
point, pressure potential exerted by an overlying saturated water column, matric potential
resulting from capillary and adsorptive forces between the water and the soil matrix, gas
potential if air pressure in the soil is considered, and osmotic potential when the soil-water
is influenced by solutes. Due to opposing effects, the matric potential is always negative
compared to the gravitational potential.
2.5 Water Productivity Definitions
Crop WP is a key term in the evaluation of Deficit Irrigation (DI) strategies (Geerts and
Raes, 2009). Definition of WP is scale dependent and can be defined with respect to the
volume of water consumed (Kijne et al., 2003).
Physical Water Productivity
Physical WP is defined as the ratio of agricultural output to the amount of water consumed
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(Molden et al., 2010). WP with dimensions of kg/m3 is defined as the ratio of the mass of
marketable yield (Ya) to the volume of water consumed by the crop i.e. ET.
WP = Ya
ET
(2.1)
As shown in Equation 2.1, ET refers to water lost either by soil E or by crop T during
the crop cycle. Since there is no easy way of distinguishing between these two processes at
field level, they are generally combined under the term of ET (Allen et al., 1998; Geerts
and Raes, 2009). Hence, instead of WP of transpiration (WPT), WP of Evapotranspiration
(WPET) could be used (Kijne et al., 2003; Molden et al., 2010).
The difference in its use lays in the framing of the numerator and denominator. Whether
the numerator is crop dry matter or the economic yield including the crop price and
denominator as the amount of water applied (the sum of rainfall and irrigation) or as the
amount of water transpired where unproductive soil evaporation is not considered (Geerts
and Raes, 2009).
Considering photosynthesis (consequently the dry matter yield) and T related through
the diffusion process of CO2 and H2O, the efficiency of crop water use can be defined as
WPT (Vazifedoust, 2007). When the rate of dry matter yield and T are integrated over the
growing season, the efficiency of water used by the crop can be expressed as WPT (equation
2.2).
WPT =
Y (kgha-1d-1)
T (mmd-1) (2.2)
If the total amount of irrigation and precipitation water is considered as ‘water use of the
crop’ then WPI+P may be used as in equation 2.3.
WPI+P =
Y (kgha-1)
[I + P ](m3ha-1) (2.3)
Under very low precipitation conditions such as in arid regions, WP with precipitation is
negligible and WPI+P may be converted to WPI;
WPI =
Y (kgha-1)
I(m3ha-1) (2.4)
When opportunity costs are included into the definition focusing on financial aspects of
irrigation, the term can be referred to as “economic efficiency”. Economic efficiency of
irrigation water use refers to the benefits and costs of agricultural water use (Cai et al.,
2001). It includes the cost of water delivery, the opportunity cost of irrigation and drainage
activities and potential third party effects or negative (and positive) externalities (Dinar,
1993). Therefore, the above definition of irrigation WPI is more suitable from agronomic
perspective.
Economic Water Productivity
Economic WP is defined as the value derived per unit of water used including costs asso-
ciated with the production of yields. This has been used to relate water use in agriculture
to nutrition, jobs, welfare and the environment (Molden et al., 2010). For a farmer, main
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interest is in the economic yield of the crop, thus WP can be expressed in terms of money
as in equation 2.5.
WPe =
e
ET
= em-3 (2.5)
Some of these definitions are difficult to apply because many management factors such
as fertility, variety, pest management, sowing date, soil water content at planting, planting
density and row spacing could affect yield or differ substantially between irrigated and dry
land agriculture (Howell, 2001).
Quantitative information on WP indicators is necessary to plan an efficient irrigation
water management and to assess the impacts of on-farm strategies under water scarce
conditions. They provide a proper vision of when and where water could be saved and
potential increase in crop yield that may result from increased water availability (Singh et
al., 2002). Further it is an indicator of best irrigation scheduling with Supplemental Irriga-
tion (SI), in analysing the water saving performance of irrigation systems and management
practices, and to compare different irrigation systems, including DI (Oweis and Hachum,
2004; Zhang and Oweis, 1999).
WPI+P and WPI as shown in equations 2.3 and 2.4 were used in this study. Economic
aspects of WP were not concerned at this stage.
A summary of above equations and the stakeholders interested in these different WP
definition scales are shown in Table 2.1.
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2.6 Water Productivity Improvement Strategies in Rice
Improving crop WP requires exploiting not only water management, but all other inputs
such as improved germplasm, fertility and cultural practices (Kijne et al., 2003). Water
saving in rice can be realized by following strategies.
Alternate Wetting and Drying (AWD)
Field is flooded on certain days with the disappearance of ponded water, thus the field
becomes flooded and non-flooded alternately. AWD is possible to initiate few days after
transplanting or with the presence of 10 cm high seedlings in direct seeding. According to
IRRI, a threshold of 15 cm water depth (below the surface) before irrigation is called ‘safe
AWD’, which doesn’t cause any yield decline and saves water in the range of 15-30%. The
irrigation interval for AWD varies from 2-7 days (Tuong et al., 2005). Sajeevan (2012)
showed direct seeded local rice variety Bg300 grown under AWD in Sri Lanka saves
irrigation water up to 21% at one-day irrigation interval.
Saturated Soil Culture (SSC)
Soil is kept at saturation to reduce the hydraulic head of the ponded water, reducing
seepage and percolation flows. Practically 1 cm shallow irrigation is given after the dis-
appearance of ponded water (Tuong et al., 2005). Bouman and Tuong (2002) found that
water input under SSC decreases on average by 23% with no significant yield reduction
in rice. According to the results of SSC at farmers’ fields in Philippines, water inputs in
conventional practice ranges from 577-3500mm depending on soil type and groundwater
depth (Tuong et al., 2005). But with the SSC, water input decreases by 30-60% and yield
reduction by 4-9% with one exceptional value of 30% in very permeable soil. Hence WP
increment is by 30-115%. SSC is difficult to implement practically since it requires frequent
irrigation (Bouman et al., 2007a).
System of Rice Intensification (SRI) Method
SRI involves seeding on dry beds, transplanting younger than 20-day-old seedlings with
one seedling per hill at a minimum spacing of 25 cm x 25 cm, frequent weeding, controlling
water level to allow aeration of roots during the growth period of the plant and applying
compost to increase the soil’s organic matter content which is optional. There is no con-
tinuous flooding during the crop growth period. Rice grown with SRI reported very high
yields up to 12 t/ha (Zheng et al., 2004). Adoption of SRI technique would increase rice
production without increasing the area under cultivation (Devi and Ponnarasi, 2009). SRI
can be more resistant to biotic and abiotic stresses besides drought and can be grown
under rain-fed conditions. However, the benefits of SRI are the topic of scientific debate
and controversy (Thakur et al., 2016).
Upland Rice Cultivation
Rice is grown aerobically with minimal inputs in an upland environment (Lafitte et al.,
2001). Upland rice varieties are drought tolerant having a low yield potential and tend
to lodge under high levels of fertiliser and irrigation. Alternatively, high-yielding lowland
rice varieties grown under aerobic soil conditions, with supplemental irrigation, have more
water savings, with a severe yield loss (McCauley, 1990). Achieving high yields under
irrigated aerobic soil conditions requires new varieties of “aerobic rice” that combine
drought-tolerant characteristics of upland varieties with the high yielding characteristics
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of lowland varieties (Atlin et al., 2006; Lafitte et al., 2001).
Aerobic Rice
A fundamentally different approach to reduce water outflows from rice fields, is to grow
rice as an upland crop in non-puddled, non-saturated soils without ponded water. Besides
decline in seepage and percolation losses, evaporation decreases since there is a non-ponded
water layer and the large amount of water used for wet land preparation is eliminated.
Direct Seeded Rice (DSR)
The process of establishing a rice crop directly in the field. Three methods of DSR are
dry direct seeding where sowing of dry seeds into dry soil, wet seeding with sowing of
pre-germinated seeds into dry soil and water seeding where seeds are sown into standing
water (Farooq et al., 2011). DSR under complete dry conditions in Sri Lanka is known
as “Kekulan” or “Manawari” cultivation (Weerakoon et al., 2011). Water requirement for
land preparation is minimal with this cultivation, but high seed rates (150-250 kg/ha) are
required.
Agronomic Practices
Soil mulching, weed control, crop rotation, land levelling, good puddling, bund mainte-
nance and timely cultivation reduce the non-beneficial loss of water through evaporation
and subsequently improve the WPET at field scale. Mechanical soil compaction reduces
percolation flows in certain soil types. Introducing physical percolation barriers underneath
paddy soils such as bitumen layers and plastic sheets have been experimented (Garrity
et al., 1992; Kijne et al., 2003; Tuong and Bouman, 2003). Changing pest dynamics from
water-abundant conditions to water-short conditions are known to lesser extent. Selection
of an age class to suit the available water would increase the field irrigation WP. Water
losses from one field may be used in neighbouring fields so that any gains from reducing
losses at a field may affect the water balance of another field.
Genetic Improvements
There is a scope to increase rice productivity in unfavourable regions by developing rice
varieties resistant to drought and special soil conditions (FAO, 2015). A variety of breeding
strategies can be explored to increase WP with respect to ET, such as early vigour to
reduce soil evaporation, weed suppression to reduce weed transpiration and increased
waxiness of leaves to reduce non-stomatal transpiration (FAO, 2015). Transforming C3 rice
plant into a C4 plant by genetic engineering could be a long-term approach for increasing
rice yield potential (FAO, 2015). Radiation use efficiency of C3 and C4 plants differ by
50% (Bouman et al., 2002; Kiniry et al., 1989), which features to differences in canopy
photosynthesis. Transforming rice into a C4 plant could increase rice yields by 50% and
double the WP (Hirel et al., 2011).
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Literature Review
Agricultural researches primarily focus on maximizing total production. But in recent years,
focus has shifted to the limiting factors in production systems, notably the availability of
either land or water. To explore which strategies helps to achieve ‘more crop per drop’,
the interactions between soil atmosphere, crop and water needed to be understood. Most
approaches in irrigation management limits its applicability as they disregard the influ-
ence of the stochastic properties of the relevant climate factors and soil properties. The
next sub sections outline the research achievements related to crop growth models, model
simulation-based irrigation-optimization, irrigation scheduling in crops, aerobic rice related
experiments and direct seeding in irrigation management. Main emphasis is on soil matric
potential thresholds used in optimizing grain yield and WP of different crops including
rice. In the end of the chapter, state of the art is presented.
3.1 Performance of Crop Growth Models
Field experiments can be used to explore the different crop management options, but the
results are site-specific and seasonal while it is time consuming to obtain results. Crop
simulation models can dynamically describe the biophysical and physiological processes of
growth, development, yield and provide a quantitative tool for predicting the productivity
level of a crop in relation to genotype, environment and management (Asseng et al., 2014;
Bouman et al., 1996; Foster et al., 2017; Tang et al., 2009). These crop models can also
be used to estimate the water balance components, irrigation water savings, WP and yield
with respect to changed management practices (Soundharajan and Sudheer, 2009; Tojo
Soler et al., 2013).
Many crop growth models for rice have been reported in literature over the last 30 years
including RICEMOD for potential production and rain-fed environments (Mc Mennamy
and O’Toole, 1983), SIMRIW for potential production and effect of climate change (Bouman
and Van Laar, 2006; Tang et al., 2009). The most frequently cited rice models in South
Asian conditions are CERES-Rice (Bouman and Van Laar, 2006; Tang et al., 2009) and
ORYZA2000 (Bouman and Van Laar, 2006). CERES-Rice is one of many models contained
in the Decision Support System for Agro-technology Transfer (DSSAT) which provides a
facility for simulating crop sequences. However, CERES-Rice has not been updated for
many years and the capacity for back up support from the model developers is very limited
(Jones et al., 2003).
AquaCrop is the crop growth model developed in 2009 by FAO and been used world-
wide in different agro-ecological conditions and is intended for practitioners working for
extension services, governmental agencies, non-governmental organizations and farmer as-
sociations, as a planning tool to assist management decisions in both irrigated and rain-fed
agriculture. A study conducted in southern Taiwan to test and validate the AquaCrop
model for maize under deficit irrigation management using three field experimental results
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suggests that model predictions are satisfactory at low water stress and as plant water
stress intensifies model predictions are unsatisfactory (Greaves and Wang, 2016).
CropWat is a decision support tool and a computer program for the calculation of crop
water requirements and irrigation requirements based on soil, climate and crop data. In
addition, the program allows the development of irrigation schedules for different man-
agement conditions and the calculation of scheme water supply for varying crop pat-
terns. Bouraima et al. (2015) has estimated rice ETc as 651mm and 383mm and irrigation
requirement as 920mm and 1148mm in rainy and dry seasons respectively using CropWat
model. Surendran et al. (2015) has estimated the total crop water requirement, net irriga-
tion demand, gross irrigation demand and irrigation interval for many crops including rice
in various agro-ecological zones of Kerala, India using CropWat model.
ORYZA2000 is a freely available standalone model evaluated for irrigation management
in rice. ORYZA2000 has been successfully evaluated and applied in many parts of the rice
growing world (Amiri and Rezaei, 2010; Bannayan et al., 2005; Belder et al., 2007). It
has been used in predicting the effects of elevated temperature, effect of groundwater
depth, impacts of climate change, atmospheric CO2 and Nitrogen fertiliser management
in rice (Bannayan et al., 2005). Also in irrigation management in flooded and aerobic rice
cultivation (Feng et al., 2007). Quantification of parameter sensitivity and the identification
of influential parameters in rice was simulated with meteorological data in Nanchang, China
shows that crop growth developmental rates have strong effect on all model outputs (Tan
et al., 2016).
RiceGrow, an eco-physiological process-based simulation model for rice growth has been
developed by quantifying the fundamental growth processes and their response to environ-
mental factors, genotypic parameters and management practices. The model uses physio-
logical development time and partitioning index methodology. The outputs of RiceGrow
and ORYZA2000 are similar though, grain quality formation processes are simulated in
RiceGrow (Tang et al., 2009).
APSIM (Agricultural Production Systems Simulator) is a modular modelling framework
developed to simulate biophysical process in farming systems, where there is interest in
the economic and ecological outcomes of management practice in the face of climatic risk
(Keating et al., 2003). ORYZA2000 was incorporated into APSIM modelling framework
in 2005 to provide the capability of simulating rice-based cropping systems (Zhang et al.,
2007). The comparison of APSIM simulations with observed data has been conducted by
many model users under a wide range of conditions (Keating et al., 2003). APSIM-Oryza
was used by Amarasingha et al. (2014) to assess the yield advantage of changing planting
dates according to the onset of seasonal rainfall compared to a fixed planting date in
the major rainy season and to evaluate the efficiency of irrigation management in north
central province of Sri Lanka. A similar study by Amarasingha et al. (2015) shows the
benefits of aligning crop establishment with the onset of rainfall to reduce dependency
on supplementary irrigation and improve crop and water productivities in Sri Lanka with
APSIM-Oryza model for two rice varieties. The model estimated the grain yield of rice
under moisture-limited farmer-field conditions with a strong fit. Modelling approach is
used to predict the yield and WP of commonly grown short and medium-duration rice
varieties under different climate scenarios in dry zone of Sri Lanka using APSIM-Oryza by
Amarasingha et al. (2015).
Best combinations of crops for minimum water usage reaching a higher crop WP in the
dry zone of Sri Lanka has been evaluated to improve the WP in moisture-limited rice-based
cropping systems through incorporation of maize and mung bean with APSIM. Study re-
veals that the WP of the system could be increased by over 65% when maize or mung
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bean extent was increased. The most efficient crop combinations to maximise net return
are diversification of the land extent as (i) 50% to rice and 50% to mung bean sole crops,
or as (ii) 25%, 25% and 50% to rice, maize and mung bean sole crops, respectively (Ama-
rasingha et al., 2017). Fernando et al. (2015) validated the APSIM-Oryza using secondary
data for two long duration rice varieties (4 months maturity) in Sri Lanka with a strong
fit. APSIM’s ability to simulate the performance of cropping systems in Asia from several
perspectives: crop phenology, production, water use, soil dynamics (water and organic car-
bon) and crop CO2 response, as well as its ability to simulate cropping sequences without
reset of soil variables was evaluated over a diverse range of environments (12 countries,
numerous soils), crops and management practices. APSIM’s performance was statistically
assessed against assembled replicated experimental data sets. Once properly parameterised,
the model performed well in simulating the diversity of cropping systems to which it was
applied with Root Mean Square Errors (RMSEs) generally less than observed experimental
standard deviations (indicating robust model performance) and with particular strength in
simulation of multi-crop sequences (Gaydon et al., 2017).
A systematically tested 30 different wheat crop models of the Agricultural Model Inter-
comparison and Improvement Project (AGMIP) against field experiments in which growing
season mean temperatures ranged from 15°C to 32°C, including experiments with artificial
heating shows that the simulated yields were less accurate at higher temperatures. The
model ensemble median was consistently more accurate in simulating the crop temperature
response than any single model, regardless of the input information used. Extrapolating
the model ensemble temperature response indicates that warming is already slowing yield
gains at most of wheat-growing locations. Global wheat production is estimated to fall by
6% for each °C of further temperature increase and become more variable over space and
time (Asseng et al., 2014).
The crop growth model DAISY has been calibrated and subsequently validated for spring
barley (cultivar “Tolar“) in three different soil-climate locations in the Czech Republic
based on data from a multi-year field experiment. According to the statistical index MBE
(mean bias error) for the flowering phenological phase, the crop growth model DAISY
showed a delay of 2 days in both calibration and validation. There was also a delay of
6 days for maturity in calibration and of 8 days in validation. The crop growth model
DAISY underestimates the yield by 0.2 t/ha for calibration and underestimates the yield
by 0.4 t/ha for validation (Pohanková et al., 2015).
3.2 Model Simulation-Based Irrigation and Optimization
A simulation-optimization framework using ORYZA2000 model has been proposed by
Soundharajan and Sudheer (2009) to develop optimal irrigation schedule for rice crop under
water deficit conditions using a genetic algorithm-based optimizer. This framework identi-
fies the highly sensitive growth stages to the reduction in final crop yield and develops the
optimal water allocations during the crop growing period.
Many recent studies (Ahmed et al., 2016; Brumbelow and Georgakakos, 2007; Semenov
and Barrow, 2002) among others try to analyse the possible impacts of climate variability
and of climate change on agriculture, based on process-based simulation models. Most of
the published work deals with rain-fed or non-irrigated sites or assume a full irrigation
management.
Brumbelow and Georgakakos (2007) generated probability distributions of CWPF for
current and future climate change scenarios seeing climate uncertainties on crop produc-
tion and irrigation demand and proposed it as a long-term irrigation planning tool. This
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concept was extended by Schütze and Schmidt (2010) and developed the framework; Opti-
mal Climate Change Adaption Strategies for Irrigation (OCCASION) for generating site-
specific stochastic CWPF (SCWPF) regarding variations in basic climate scenarios. This
allowed finding potential yields and their statistical distribution within the range of applied
weather scenarios. The framework and derived reliable irrigation schedules were applied in
a semi-hypothetical case study in an arid environment for maize and sorghum to show
effects on future yield development along with adaption strategies to counter these effects
(Schütze et al., 2012b).
Schütze et al. (2012a) developed the optimization method; Global Evolutionary Tech-
nique for Optimal Irrigation Scheduling (GET-OPTIS) that can be coupled with any
crop growth model to find optimal irrigation schedules. Results were potential crop wa-
ter production functions (CWPF), i.e., potential yields and respective optimal irrigation
schedules for any given but limited amount of seasonally available water for that irrigation
system. This was used in optimizing DI schedules for maize for surface and subsurface drip
irrigation systems in simulation-optimization study combined with experiment results by
Mailhol et al. in 2011.
Crop models; CropWat, PILOTE, Daisy and APSIM were evaluated concerning simu-
lation and optimization of DI systems by Kloss et al. (2012). Outcome of the study are
SCWPFs proposed to serve as a risk assessment tool for yield reductions due to water
deficit and climate impacts.
A new stochastic framework was developed to upscale crop yield and crop water de-
mand from irrigation experiments with common bean to the regional scale using the one-
dimensional mechanistic crop model Daisy. The crop model parameters derived based on a
comprehensive experimental data collection and a sound calibration of the crop model were
used to simulate potential bean yield, yield reduction due to drought stress and crop water
demand in mid and northern Saxony, Eastern Germany, using dominant soil characteris-
tics. The stochastic relationship between irrigated water and crop yield (SCWPF) enabled
the prediction of the crop productivity on a regional scale. Furthermore, the simulation
results show that irrigation of common bean has high yield effects especially in locations
with low precipitation during the growing season or for soils with a low water storage
capacity. The presented framework enables policy makers to compare water demand and
available water for a precise estimation of the degree of local water self-sufficiency (Wagner
et al., 2015).
3.3 Irrigation Scheduling in Crops
For optimum irrigation scheduling, sound knowledge of the soil water status, crop water
requirements, crop water stress status and potential yield reduction under water-stressed
conditions is required (Kang et al., 2002; Yadvinder-Singh et al., 2014). Critical crop growth
stage approach, soil moisture depletion approach and atmospheric evaporativity approach
are such irrigation scheduling methods.
Evaporativity-based approach is the concept of applying irrigation water when the profile-
stored water gets depleted and may start affecting the crop growth. Amount is estimated
based on allowable water depletion in soil profile. This is a DI technique that uses profile-
stored water encouraging deeper rooting in crops. This practice was reported to save two
out of six irrigations applied in wheat at fixed growth stages without any adverse effect on
crop yield. In Pakistan, potential soil moisture deficit index has been used as a criterion
for scheduling irrigation to cotton at 25mm and 50mm moisture deficit (Saleem et al.,
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2009). The irrigation schedules both at 25mm and 50mm potential soil moisture deficit,
significantly enhanced LAI, high irrigation water savings and WPI.
Possible measures in plant-based approach include direct measurements of plant water
status and a few plant processes that respond sensitively to water deficits (Yadvinder-
Singh et al., 2014). Specific plant-based methods include the use of dendrometry, fruit
gauges and other tissue water content sensors. Measurements of growth, sap flow, stomatal
conductance, infrared thermometry and thermography are used to study the stomatal con-
ductance changes (Jones, 2004). All irrigation techniques require a better understanding
of the sensitivities of crops to water stress and its ecological and physiological basis, which
varies among different crop growth stages (Zhang et al., 1999).
Soil Matric Potential Based Irrigation Scheduling
Soil matric potential based approach is the realistic criterion for measuring soil water avail-
ability to plants as it constitutes the force with which water is held by soil matrix. This
irrigation criteria ensures irrigating the crop exactly when the soil water availability de-
creases a certain threshold. For lowland rice grown in puddled soil, hardly any information
on the relation between the root-zone soil water status and physiological and morphologi-
cal responses to drought stress is available (Wopereis et al., 1996). Soil matric potential is
directly related to the soil unsaturated hydraulic conductivity, which relates soil moisture
content. The relationship between soil matric potential and soil moisture content is a non-
linear function It is linked to the soil’s capacity to supply water at the rate required by
plants, because potential gradients are the leading force responsible for water movement in
soils.
Irrigation management using soil matric potential based irrigation reports 20-30% of
irrigation water savings (Hira et al., 2007; Sidhu et al., 2008) without adverse effect on
yield. Bouman and Tuong (2001) and Belder et al. (2004) show that rice yields were re-
duced by 10-40% when soil water potentials in the root zone allowed to reach -100mbar to
-300mbar and WP increases up to a maximum of 1.9 kg/m3 under SSC. Cabangon et al.
(2002) reported that rice yield declined significantly in AWD when the soil water poten-
tials at 10 cm depth dropped below -200mbar. These results are comparable with Hira et
al. (2002) who reported that yield was not affected and irrigation water savings of 550mm
was achieved by irrigating when the soil water potential at 15-20 cm depth reached -80mbar
to -160mbar.
Shiina and Hasegawa (cited by Wopereis et al., 1996) reported that soil matric potentials
of -600mbar and -1000mbar as the minimum values for optimum growth of upland rice
crops. In contrast to that, Ghosh and Singh (2010) reports significant yield reductions at
600mbar in rice while optimum yield and water savings are reported as at 400mbar tension
for aerobic rice cultivation in India.
Chen et al. (2012) shows that soil moisture tension regulation at different growth stages
increase the rice yield. The suitable soil water tension for mid-season rice in Liaoning
province at different stages is 50∼100mbar in initial tillering stage, 350mbar in final tillering
stage, 50∼100mbar in heading stages and not more than 200mbar in milky stage.
Soil matric potential based irrigation in other crops show different results compared
to rice. Field experiments on radish cultivation shows that -350mbar can be used as an
indicator for drip irrigation scheduling in the North China Plain (Kang and Wan, 2005).
Another field experiment on tomato to investigate the effect of soil matric potential on
yield and ET under drip irrigation conditions in North China Plain shows that tomato
yield is not affected up to -500mbar. It is recommended to well irrigate the crop during
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establishment and controlling higher than -500mbar at 0.2m depth immediately under drip
emitter in rest of the growth period (Wang et al., 2007a).
Potato production under drip irrigation in North China Plain tells that -250mbar is
the most favourable soil matric potential, while -150mbar is too high and -450mbar lead
to severe water stress (Wang et al., 2007b). A two-year field experiment conducted to
investigate an appropriate irrigation management strategy with chili pepper grown under
drip irrigation and plastic mulch showed that -300mbar to -400mbar at 20 cm depth is
appropriate in the arid region of Northwest China (Liu et al., 2012).
Another irrigation study conducted in Lavras, Brazil on coffee, discloses that the best
yields are obtained when the soil water potential values reach -350mbar, -380mbar, -
310mbar and -320mbar during fruit expansion, ripening, flowering and small green and
fruit expansion phases respectively (Evangelista et al., 2013). Field-scale experiments at
four commercial strawberry production sites with contrasting soil and climatic conditions in
Canada suggests that irrigation thresholds between -100mbar and -150mbar could optimize
yield and WP.
The impact of different irrigation scheduling approaches on development dynamics and
yield of white cabbage has been evaluated in a two-year field trial in Saxony, Germany. The
applied irrigation scheduling approaches were based on soil water balance calculations,
sensor-based drip irrigation using tensiometer measurements (irrigate at -250mbar at
30 cm depth) and simulation-based irrigation. The soil water balance approach has led
to a tremendous over-irrigation compared to the drip irrigation. Cabbage yield, LAI and
plant heights were highest in sensor-based irrigation method. Simulation based irrigation
may be efficient if the plant and soil hydraulic properties are estimated from experimental
data. Study reveals that irrigation at the early growth stages is important and at later
stage no irrigation or less irrigation is sufficient after head formation (Seidel et al., 2017).
Irrigation Scheduling in Deficit Irrigation Systems
The application of water below the ET requirements is termed as Deficit Irrigation
(DI). Irrigation supply under DI is reduced relative to that needed to meet maximum
ET (English, 1990). Total irrigation application is not proportional to irrigation require-
ments of the crop (Geerts and Raes, 2009). DI aims at stabilizing yields and at obtaining
maximum WP rather than maximum yields (Geerts and Raes, 2009; Zhang and Oweis,
1999). Reducing depth of irrigation, refilling a part of the soil water capacity of the root
zone, or reducing the irrigation frequency helps to manage DI. The adoption of DI implies
appropriate knowledge of crop water use and responses to water deficits, including the iden-
tification of critical crop growth periods and of the economic impacts of yield reduction
strategies (Oweis et al., 2004).
WP increases under DI, relative to its value under full irrigation, as shown experimen-
tally for many crops (Fereres and Soriano, 2007; Létourneau et al., 2015; Talebnejad and
Sepaskhah, 2015; Wang et al., 2007a; Wang et al., 2007b). Further, DI has been investigated
as a valuable strategy for dry regions (English, 1990; Fereres and Soriano, 2007).
The response to water deficits depends on the pattern of stress imposed (Doorenbos et al.,
1979; Fereres and Soriano, 2007). In one pattern, the water deficit increases progressively
as the season advances due to a combination of the uniform application of a reduced
amount and the depletion of the soil water reserve. This pattern, called Sustained Deficit
Irrigation (SDI), allows water stress to develop slowly and for the plants to adapt to the
water deficits. SDI reduces the biomass production due to reduction in canopy size and in
radiation interception. However, dry matter partitioning is usually not affected and the HI
is maintained. As the water stress increases in severity there could be direct effects on the
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HI (Fereres and Soriano, 2007). In Regulated Deficit Irrigation (RDI), there is an alteration
in the proportion of ETc given to plants during the growing season, causing more severe
drought stress during a specific phenological stage (Munitz et al., 2017).
Recent evidence shows that the concentration of phenolic compounds and volatile com-
pounds can be optimized using RDI strategies compared to full irrigation and rain-fed
conditions in olives (Gomez-Rico et al., 2007; Motilva et al., 2000). Deficit irrigation ap-
pears to be beneficial for optimizing the pulp-to-pit ratio in olive and the composition of
olive oil (Gucci et al., 2009).
Experiments show that yields under managed DI with 0.5 ETc are higher compared to
full irrigation in native spearmint, Pistachio, wine grapes and pomegranate (Chalmers,
2007; Gijón et al., 2009; Laribi et al., 2013; Okwany et al., 2012). Fruits from SDI had
higher peel redness and greater firmness, soluble solids contents, vitamin C levels, total
antioxidant capacity and less chilling injury symptoms during storage (Peña et al., 2013).
Another study on DI of 50% ETc along with an organic mulch has shown to enhance
vegetative growth of olives close to its maximum potential in a study conducted under
water scarcity in Kuwait (Al-Shatti et al., 2015).
Partial Root zone Drying (PRD) is a novel improvement of DI in which, part of the root
zone is irrigated alternately in scheduled irrigation events (Chai et al., 2016; Talebnejad
and Sepaskhah, 2015). Talebnejad and Sepaskhah (2015) showed crops under PRD yield
better WP and fruit quality with the same amount of applied water under DI. PRD has
reduced water use by 30% and increased WP by 60%, with no significant reduction in tuber
yield in potato cultivation (Liu et al., 2006). Water usage had reduced up to 50% with a
marginal yield for greenhouse processing tomatoes (Lovelli et al., 2017).
In hot pepper, WP increased by 52% and yield reduced by 24% (Guang-Cheng et al.,
2008). Sugar Beetroot has resulted, average 18% yield reduction and 35% of applied wa-
ter reduction under 10-day irrigation interval. But at 6-day interval irrigation water use
reduced by 23% and yield was similar to that of every-furrow irrigation at 10-day inter-
vals (Sepaskhah and Kheradnam, 1997). Sepaskhah and Khajehabdollahi (2005) reported
28% reduction in grain yield with an average of 31% reduction in applied water at 7-day
irrigation intervals for maize in a semi-arid region. The study also reveals that at 4-day
interval water consumption was reduced by 6% with no yield reduction. Zegbe and Be-
hboudian (2008) reported PRD did not adversely affect yield and fruit quality of apples
and improved WP by 120%.
However according to the available literature on irrigation and WP studies, im-
proving WP through DI and proper irrigation scheduling is available for many other
crops. Concerning rice, less research has been carried out on DI especially on SDI and on
precision irrigation management. This is especially important to countries like Sri Lanka
concerning the trade-off between hydro power generation and irrigation which is a current
topic. Therefore, the development of new methodologies and tools for proper irrigation
management in rice cultivation is very important. In this dissertation, improving grain
yield and WP of direct seeded rice under continuous drought stress is of intense research.
3.4 Modelling of Aerobic Rice Systems
A four-year field experiment on aerobic rice coupled with modelling approach results show
that the aerobic rice yield is 2.4-3.6 t/ha using 750-1100mm water input under upland
conditions and in lowland conditions flooded rice production is around 8 t/ha with 900mm
of water input. AWD saves 40-70% of irrigation water without any yield loss under upland
conditions. These results are accurately extrapolated by model ORYZA2000 (Bouman et
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al., 2007a). This study further reveals that depending on ground water depth and amount
of rainfall, either groundwater recharge or net extraction of water from the soil or the
ground water takes place (Bouman et al., 2007b).
A study on identifying irrigation and nitrogen best management practices for aerobic
rice-maize cropping system for semi-arid tropics using CERES-rice and maize models un-
der sandy loam soils in semi-arid conditions using the calibrated CERES-Rice and Maize
models of the Decision Support System for Agro Technology Transfer (DSSAT) showed
that application of 180 kg N/ha in four splits and automatic irrigation with 40mm, when
available soil water in top 30 cm fell below to 60% was the best management combination for
aerobic rice, saving 41% of water while producing 96% of the yield attainable under flooded
conditions. Similarly, for maize, application of 120 kg N/ha and irrigation with 30mm of
water at 40% available soil water in the top 30 cm soil was the most dominant management
option. Further, application of 180 kg N/ha with rice followed by 120 kg N/ha in maize
provided stable yield for both aerobic and flooded rice systems over time as simulated by
the model (Kadiyala et al., 2012).
Assessment of CERES-Rice model for rice production under different irrigation rates
show that the model predictions are very low at low irrigation rates such as 25% of ET
compared to the field observed values in Ibadan, Nigeria (Akinbile, 2013).
AWD under shallow groundwater table depth is needed to quantify the soil water regime
for irrigation scheduling. Tan et al. (2014) have used HYDRUS-1D model to compare the
field experimental results from rice growing seasons 2010-2011 in China. Results show that
the capillary rise amounted for 26.1-27.4% in AWD and 10.2-18.1% in continuous flooded
plots. Model simulation and measurements show that AWD decreases percolation by 38-
40%. A recent APSIM-Oryza model-based study on aligning sowing dates with the onset
of rainfall to improve yield and WP of rice cultivar Bg300 shows that by changing the
planting date according to the onset of rainfall can reduce the irrigation requirement and
increases yield by 33-34% (Amarasingha et al., 2014).
A recent study on rice responses to rising temperatures shows that transpiration cool-
ing, will diminish with the transition from fully flooded paddies to water-saving technolo-
gies, such as direct-seeded and aerobic rice cultivation, thus further aggravating stress
damage. This change can potentially introduce greater sensitivity to previously unaffected
developmental stages such as panicle initiation and spikelet differentiation, and further
intensify vulnerability at the known sensitive stages. An upgraded version of ORYZA2000
model evaluation shows that increase in temperature by 3°C increases the spikelet sterility
more than 30% in many parts of the South Asia (Jagadish et al., 2015).
A recent evaluation on 13 rice crop models against multi-year experimental yield data at
four sites with diverse climatic conditions in Asia reveals that mean of predictions of all crop
models reproduced experimental data with an uncertainty of less than 10% of measured
yields. Sensitivity analysis indicates the necessity to improve the accuracy in predicting
both biomass and harvest index in response to increasing CO2 and temperature (Li et al.,
2015).
3.5 Experiments on Aerobic Rice Systems
Management strategies for drought stress alleviating for rain-fed rice in Asia are either to
avoid the dry periods or moderate the drought by reducing unproductive water losses such
as direct seeding and use of aerobic rice varieties (Haefele and Bouman, 2009). Aerobic
culture is a water-saving technique for direct-seeded rice cultivation. Here, aerobic culture
refers to either the use of aerobic rice varieties or use of aerobic soil conditions to grow rice.
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Aerobic rice can produce rice yield greater than 9 t/ha under temperate climates. Highest
achieved yields with aerobic rice are 11.4 t/ha and 10 t/ha in central Japan and in the central
United States respectively. However, yields remain at less than 8 t/ha in the tropics (Kato
and Katsura, 2014a).
WP and yield of aerobic rice, varies from 0.4 to 1.5 kg/m3 and from 2.4 to 8.3 t/ha
with a total water input varying from 450-1400mm (Feng et al., 2007; Kato et al., 2006;
Ramadass and Ramanathan, 2017; Xue et al., 2008; Yang et al., 2005;). Performance of two
temperate aerobic rice varieties (HD502 and HD297) grown under different water regimes
in north China shows higher yields and WP under very high-water tension values up to
900mbar. HD502 had 3-5 t/ha with 450-500mm water input and 5.3-5.7 t/ha under 650mm
water input and more. HD297 has 3-5 t/ha yield with 500mm and 4.7-5.3 t/ha with 650mm
water input and more. WP was in the range of 0.6-0.8 kg/m3 (Xiaoguang et al., 2005).
A study conducted during Yala season in 2011 in Sri Lanka shows under continuous
aerobic conditions Bg300 rice yields 4.26 t/ha (RRDI, 2012). The results from field ex-
periments of aerobic rice variety Han Dao 297 in China has produced 6-6.8 t/ha yield,
WPI+P of 0.89-1.05 kg/m3 and WPET of 1.28-1.42 kg/m3 in typical freely draining soils
with 2-4 applications of irrigation and the soil water tension in the root zone below 1000-
2000mbar. The yield reduction in aerobic rice is 27-35% and reduction in water input is
55-66% in China (Bouman et al., 2007; Tuong and Bouman, 2003). The WPI is 1.6-1.9
times higher in comparison to lowland rice. Similarly, aerobic rice cultivars (with yields of
5-7 t/ha), came out of a 20-year breeding programme are commercially grown in 250,000 ha
under sprinkler irrigation in Brazil (Kijne et al., 2003).
Field experiments by IRRI under dry-ploughed and flush-irrigated aerobic conditions
when the soil moisture tensions reached 3000-5000mbar has saved 73% of irrigation wa-
ter during land preparation and 56% during the crop growth (Bouman et al., 2005). Less
research and experiments have been made on tropical aerobic rice. However, IRRI has
developed and tested a lowland rice variety IR20 to be grown in aerobic soils under fur-
row irrigation. It has shown higher water savings (55%), but yields have decreased from
8-3.4 t/ha. Therefore, since 2001 IRRI works on breeding new upland varieties such as
“Apo”. This variety has reached a maximum yield of 5.7 t/ha in 2002. It has 26% and 44%
of reduction in yield and water input respectively and 35% of WP increment. A field study
conducted by Gunaratne et al. (2011) to determine the possibility of increasing crop WP
of aerobic rice with ground covers shows plastic films and sprinkler irrigation improve both
yield and WP.
Aerobic rice experiment conducted in Germany using three Chinese rice cultivars under
different water regimes shows very high yields of 20 t/ha. Results indicates that the pre-
flowering drought stress in aerobic rice depends on cultivar. It further suggests that different
cultivars have different responses to the same drought stress timing and intensity. This study
further reveals that with a similar amount of water applied, higher yield can be achieved
by continuous irrigation of aerobic rice (Walser et al., 2009).
A field study conducted at Cuttack, India, during the dry season (January-May) in 2005
and 2006 to determine the critical soil moisture regime at the root-zone depth (30 cm)
for sustaining optimum growth and grain yield of aerobic rice variety ‘Apo’ (IR 55423-01)
reveals that the irrigation at 0, 20 and 40 kPa soil moisture tension resulted in similar grain
yields (4.90-5.25 t/ha in 2005 and 4.35-4.50 t/ha in 2006). The seasonal water requirement
in treatments receiving irrigation at 20, 40 and 60 kPa soil moisture tensions was 28.4, 42.8
and 60.7% lower than that at 0 kPa soil moisture tension, but the yield declined significantly
at 60 kPa, by 42.8% in 2005 and 36.7% in 2006. Irrigation at 40 kPa soil moisture tension
ensured maximum WP of 0.90, 0.47 and 0.53 kg/m3 water with respect to evapotranspi-
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ration, irrigation plus rainfall and irrigation alone, respectively. Thus, irrigation at 40 kPa
soil moisture tension may be considered critical for optimum grain yield and maximum WP
of aerobic rice in Indian cultivation conditions (Ghosh and Singh, 2010).
Another field trial on aerobic rice in Switzerland using an Italian rice cultivar “Loto”
during 2002 and 2003 shows the highest yield of 8.1 t/ha with 545mm water. Irrigation
treatments are drip irrigation at every half an hour during day time, spray bar irrigation
every other day, spray bar irrigation from shooting stage onwards, spray bar irrigation only
around flowering. This study further exposes that the rice withstands unharmed medium
level drought during the early vegetative stages, provided sufficient nutrients and a min-
imum regular water supply. More severe droughts where soil matric potential decreases
below -800mbar at 10 cm to 20 cm soil depth mainly delays the plant development and if
the flowering stage falls into a low temperature period, causing spikelet sterility and yield
loss (Schmid et al., 2003).
A study in Brazil shows that savannas, possess a high potential for upland rice produc-
tion. Research recommendations have been developed to minimize climatic risk through
appropriate date of planting and choice of variety. New varieties, japonica x indica deriva-
tives, with desirable grain appearance and cooking behaviour, provide an economically
attractive option for farmers in stable cropping systems (Pinheiro et al., 2006).
Effect of soil water deficit at different growth stages on rice growth and yield under upland
conditions, depends on the stage of canopy development (Boonjung and Fukai, 1996b). A
similar study in Iran shows that the drought at most sensitive stages at mid tillering, panicle
initiation and 50% flowering stage were more susceptible to drought and slight variations are
observed related to the cultivars (Sabetfar et al., 2013). Performance of aerobic rice varieties
under irrigated farmer field conditions in China reports higher HI values associated with
higher fraction of filled grain compared to the flooded conditions. Further, higher radiation
use efficiency is reported under aerobic conditions (Bouman et al., 2006).
A recent survey from Pakistan shows 73% positive feedback from farmers to adopt
into aerobic rice cultivation (Awan et al., 2015). Most recent study in Brazilian weathered
lowland soil proves that the highest yield (6.5-9.1 t/ha), WP (0.8 kg/m3), nitrogen recovery
(58%) and crop performance is achieved in aerobic rice compared to flooded, AWD, and SSC
(Froes de Borja Reis et al., 2018). The variety Han Dao502 is a most promising aerobic rice
variety because of its relatively high yield under both aerobic and flooded conditions and
its good quality which attracts a high market price in China saves more than 50% water,
64-88% of higher WP and 55% less labour requirement (Bouman et al., 2002; Priyanka et
al., 2012).
Nevertheless, yield decline or even completely fail of aerobic rice under continuous mono-
cropping threatens the widespread adoption of aerobic rice technology. Possible causes for
yield decline of continuous aerobic rice are such as soil pH increase, ammonia toxicity and
nutrient deficiencies. Identifying the causes responsible for continuous cropping obstacle of
aerobic rice and adopting effective strategies are crucial to achieve sustainability of aerobic
rice (Nie et al., 2012).
3.6 Direct Seeded Rice Systems
The dominant system of paddy rice production in Asia is transplanting or direct-seeding
in a field that is kept continuously flooded with 5-10 cm water throughout the growing
season (Bouman and Tuong, 2001). Although transplanting has been a major traditional
method of rice establishment in Asia, economic factors and recent changes in rice produc-
tion technology have improved the desirability of direct seeding methods (IRRI, 2000). In
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the world, 23% of rice is grown under DSR system (Kaur and Singh 2017). Nevertheless,
irrigation water saving under DSR has been reported by Sharma et al. (2002) and Singh et
al. (2002) as 35-57%, Bouman et al. (2005) as 30-50%, Jat et al. (2009) as 9-24% and Yadav
et al. (2011a; 2011b) as 30-50% with similar yields to flooded transplanted rice. In general,
DSR showed irrigation water saving of 9-57% (Kaur and Mahal, 2015). Short report on
grain yield and leaf area growth of direct seeded rice on flooded and aerobic soils shows
that grain yield of direct seeded rice is comparable to that of transplanted flooded rice
yields (Okami et al., 2013).
After germination of DSR, irrigation can be delayed for around 7-15 days depending
on soil texture. Delayed irrigation facilitates deeper rooting and makes seedlings resistant
to drought. Since, DSR crop does not require puddling and ponding of water, irrigation
frequency of 3-7 days after the disappearance of water from the field can be practiced. Under
limited water supply and drought situations, irrigation can be delayed up to 10-15 days,
but care should be taken that irrigation is crucial once tillering has begun (Singh et al.,
2002).
Direct seeding helps to improve the soil structure which otherwise gets destroyed by
continuous puddling and thus provides congenial environment for succeeding crops. Though
the well puddled conditions provide congenial situation for rice, it also creates hard pan
below the surface restricting the root growth and proliferation in deeper layers of other
crops (Kaur and Singh, 2017).
According to previous research, yields of direct wet seeded rice and transplanted rice
were comparable (Garcia et al., 1995; Castillo et al., 1998) and direct dry seeded rice yields
less (Cabangon et al. 2002; Castillo et al., 1998; Guerra et al., 1998). A survey result from
Punjab, India shows that precision management of DSR is the key for attaining high yield
compared to flooded rice (Mahajan et al., 2013).
Another research on different irrigation regimes of direct seeded rice in Sri Lanka, reports
the lowest irrigation water requirement under saturated to dry soil conditions and water
savings of 24-72%. Plant dry matter production and leaf N contents were higher under
these conditions compared to the flooded cultivation (Weerakoon et al., 2010). About 95%
of the rice is grown under direct seeding in Sri Lanka and average rough rice yield is about
3.3 t/ha in wet zone and 5 t/ha in dry zone. However, the potential yields are 8 t/ha and
5 t/ha respectively, the gap between the potential and actual are related to the farmers
practice where they do not adhere to the fertiliser recommendations and correct timing
of applications, weed problems, low soil fertility and iron toxicity prevail in wet zone soils
(Weerakoon et al., 2011).
Soil matric potential based irrigation scheduling in DSR is less studied. Crop performance
study on DSR and puddled transplanted rice shows that WP with respect to ET was
highest at 200mbar soil moisture tension irrigation threshold, with similar values for DSR
and puddled transplanted rice. DSR with the 200mbar performs well in terms of WP and
reducing irrigation input by 30-50%. However in this study, water stress has been initiated
at the end of vegetative period and under rain-fed conditions with supplemental irrigation
(Kaur and Singh 2017). Mahajan et al. (2013) showed that grain yield of well fertilized
direct seeded rice did not vary between 100mbar and 200mbar soil matric tension on a
loamy sand soil compared to flooded rice.
3.7 Summary
Use of crop growth models saves time and other resources such as money and labour for
the field experiments and are capable of describing the biophysical and physiological pro-
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cess of plant growth development and yield under different growing conditions, climates
and management. As an advance step, model simulation based irrigation and optimization
accounting for climate and soil heterogeneity, spatial variability and land use properties
is used to schedule irrigation in crops for optimal irrigation scheduling. Most of the con-
ducted irrigation studies have not combined the simulation-optimization for comprehensive
investigation of yield and WP of crops.
Direct seeding is a seed establishment method, which has higher water savings up to
9-57% compared to transplanted rice. Followed by seed establishment, direct seeded rice
is usually grown under flooded or fully irrigated conditions. Therefore, irrigation water
is saved only during land preparation. When direct seeded rice grown under aerobic soil
conditions or under deficit irrigation conditions it has a higher water saving potential.
In irrigation scheduling of crops, different approaches are being used and soil matric
potential based irrigation is one such example. This irrigation method ensures to irrigate the
crop exactly when soil water availability decreases a certain threshold levels. However, most
of the research based on this approach have been carried out under rain-fed, full-irrigated
conditions and very less on precision irrigation management. Therefore the achieved WP
is not the maximum.
The literature review did not result in finding of published approaches which provide
appropriate tools for optimal and precise irrigation scheduling in direct seeded rice cul-
tivation which is suitable for different soils and climates. Many studies have focused on
irrigating the crop by eliminating sensitive crop growth stages and by frequently changing
the irrigation schedule throughout the growing period where plant has to adopt to these
sudden changes. Direct seeded rice grown under continuous drought stress based on soil
matric potential is less studied so far. Very few studies have been conducted on this aspect
in rice and they are not based on precise irrigation management and not on continuous
drought stress. Therefore the current research focus was to address this research gap.
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It is understandable that the plant physiological and morphological responses vary under
drought stress. When drought stress occurs, leaves close the stomata as a response to con-
serve water. This reduces transpiration and consequently the photosynthesis. As a result,
emergence of new leaves and increase in leaf area is reduced, leaf rolling occurs and hence
the light interception is reduced. All these lead to a poor plant growth.
Drought in the vegetative development stage can delay flowering up to 3-4 weeks in
photoperiod-insensitive varieties. The delay in flowering is largest with early drought in
the vegetative stage and is smaller when drought occurs later. Drought before or during
tillering reduces the number of tillers and panicles per hill. If the drought is relieved on time
and the source size (photosynthesizing leaves and stems) is sufficiently large, the reduced
number of tillers/panicles may be compensated by an increased number of grains per panicle
and/or by an increased grain weight. Reduced number of spikelets with drought between
panicle initiation and flowering, resulting in decreased number of grains per panicle and
grain weight decreases with drought after flowering. Drought can also affect nutrient-use
efficiency of the crop since water flow is the essential means of nutrient transport. How
yield is finally affected by drought depends on its timing, severity, duration and frequency
of occurrence. The most sensitive stage of rice to drought is around flowering.
However, the degree of variation in these responses under continuous drought stress is
not so far studied. Consequently, the yield and WP changes under these conditions required
to be investigated. Response variations under supplemental irrigation, full irrigation, field
conditions and laboratory conditions, solar radiated conditions and artificial lighting con-
ditions are studied in detail.
Lack in the development of water efficient rice production system shows the requirement
of a new experimental design which addresses the transferability of the results. With this
background, DSDIRS was experimented and evaluated.
As shown in the conceptual framework in Figure 4.1, state of the art of DSDIRS was ex-
perimentally analysed at phase 0; inside a plant house and in the field. They are described
under sections 4.1.1 and 4.1.2 respectively. In the preliminary phase 1, a new experimen-
tal design was conducted under full irrigation and under artificial lighting inside a labo-
ratory. Based on the outcomes of the preliminary experiments, an improved tailor-made
experimental design was executed at phase 2 to evaluate the first research objective.
Throughout the dissertation, the terms soil matric potential and soil moisture tension
are used in combination, which may lead to confusion. Soil moisture tension is the positive
value of soil matric potential and thus all the numbers are positive. Higher the number,
higher the tension, dryer the soil condition. Soil matric potential is always negative and
higher the negative value, drier will be the soil.
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Figure 4.1: Conceptual framework of the thesis
4.1 Experimental Analysis of the State of the Art-Phase 0
As the first step, DSDIRS concept was tested under plant house experimental conditions. In
parallel to that, a field experiment was conducted under supplemental irrigation. These
experiments were conducted at the experimental sites of Rice Research and Development
Institute (RRDI), Bathalagoda, Kurunegala district, Sri Lanka (7° 31’ 26"N, 80° 25’ 57"E
and 116m). Agro-climatic conditions of Sri Lanka is summarized in next paragraphs prior
to the experiments.
Sri Lanka is generalized in to three climatic zones based on rainfall, soils, land use and
vegetation (Figure 4.2). The wet zone receives mean annual rainfall over 2500mm without
pronounced dry periods. The dry zone receives a mean annual rainfall of less than 1750mm
with a distinct dry season from May to September. The intermediate zone receives a mean
annual rainfall between 1750mm and 2500mm with a short and less prominent dry season
(Mapa et al., 2005). Taking elevation and the amount and distribution of monthly rainfall in
to account, these three climatic zones have been delineated in to 24 agro-ecological regions.
Annual rainfall pattern in Sri Lanka is bi-modal and is characterized by monsoons. The
South-West monsoon brings heavy rains from June to September to the western and south-
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Figure 4.2: Agro-ecological regions and location of the study area
(Source: Mapa et al., 2005)
western slopes of the central highlands and to a lesser degree in adjoining lowlands in West,
South and Southwest. The North-East monsoon brings fair amount of rains to the east-
ern side of the central hills, adjoining lowlands and to a lesser degree in northern parts
of the island in January and February. During inter-monsoonal months (March-April and
October-November), the island receives heavy rains due to convectional activity. The four
rainfall seasons is the main cause to exhibit a high agro-ecological diversity of the country
despite its small aerial extent. Presence of a central mountainous region has a major effect
on the climate and contrasts the climate between southwestern quadrant and the rest of the
island causing drought in some areas of the country (Mapa et al., 2005). Based on these four
rainfall seasons, the major growing season, Maha, begins in mid-September/October and
continues up to late January/early February and minor season; Yala begins in March/April
and continues until August (DOA, 2011). Rice is mainly grown in Maha season.
The study area belongs to the agro-ecological zone of low country intermediate (IL1). The
rainfall of the intermediate zone is seasonal, but the bi-modal distribution pattern is less
distinct. Most locations in the intermediate zone are dry from mid-January to late Febru-
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ary. The major rainy season is from October to November. There is a considerable amount
of dry days in intermediate zone with distinct spatial variability. Bathalagoda experiences
219 days of rain-less days (<0.3mm) in average (Mapa et al., 2005). Long-term average
monthly rainfall, maximum and minimum temperature in the study area depicted in Figure
4.3.
Figure 4.3: Long term average monthly rainfall and temperature variation in Bathalagoda
(Source: Adapted from Mapa et al., 2005)
Intermediate zone has mean annual bright sunshine duration of 6-8 hours per
day. Estimated solar radiation in the study area is 18-19MJ/m2/day in average. Wind
speed is very high and even exceeds 8 km/h. Relative humidity in high altitudes in inter-
mediate zone vary from 70-90%, whereas in lower altitudes from 65-85%. Mean monthly
class “A” evaporation for Bathalagoda varies from 2.6-4.4mm/day.
4.1.1 Plant House Study
The experiment was conducted inside a plant house of the size 3m x 4m x 1.5m during
Yala season in 2013, from March to September.
16 clay pipes were used to impose four irrigation treatments (W0, W1, W2 and W3)
with four replicates (R1, R2, R3 and R4).
Clay pipes were sealed at the bottom with cement and additionally a polythene bag was
used internally to avoid any water leakages (Figure 4.4). Sandy soil was filled into the pipes
and compacted at every 20 cm depth to achieve a homogeneous bulk density at each soil
layer which is similar to the field conditions in the study area. Ceramic capsules combined
mercury manometers were used to measure the tension of the soil. Fabrication, calibration
and further information on ceramic capsule tensiometers are given in the Appendix B. After
calibration, ceramic capsules were installed at 20 cm depth in all pipes. Mercury reservoir
was kept vertical at the surface of each pipe. Mercury heights were measured using a ‘mm’
scale.
Soil matric potential based irrigation regimes were imposed to the rice plants. W0, W1,
W2 and W3 were maintained at soil matric potential levels of 0-40mbar, 40-80mbar, 80-
120mbar and 120-160mbar respectively. Plants were manually irrigated upon reaching the
maximum threshold level in each irrigation treatment. Most wet irrigation treatments were
irrigated twice a day depending on the weather. Since prior information on soil hydraulic
properties was not available they were irrigated on trial and error basis. Treatments were
laid in a Randomized Complete Block Design (RCBD) design.
The selected rice variety, Bg300 (see appendix C for variety information) was a locally
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Figure 4.4: Pipe arrangement (above) and ceramic capsules used in soil tension measurements (below)
improved rice variety grown by most paddy farmers in Sri Lanka. Before establishing seeds
in to the soil, paddy seeds were tested for the quality parameters (methods and quality
parameters are summarized in appendix D) to assure a better plant stand and yield. A
sample of good seeds were soaked in water for 24 hours and incubated for 48 hours after
draining water. Pre-germinated seeds were hand dibbled into the soil at 2 cm depth. Plants
in all treatments were kept under field capacity to establish a homogeneous plant growth
from germination until 14 Days After Seeding (DAS).
In two weeks, additional plants were thinned, leaving three healthy plants in each
pipe and irrigation treatments were initiated. Local fertiliser recommendations for flooded
rice, issued by the Department of Agriculture in Sri Lanka was followed (Appendix
E). Basal application of fertilisers (N, P and K) was done before seed establishment, using
composite fertilisers and additional applications were depending on nutrient deficiency
symptoms. Plants were regularly maintained to be free from pests and diseases using
chemical control methods. Upon reaching the maximum threshold tensions in the mercury
manometers, plants were manually irrigated.
Data Collection and Analysis
Soil matric potentials-in terms of mercury heights, leaf rolling score and irrigation amounts
were measured daily. The most common symptoms of water deficit are leaf-rolling, leaf-
scorching, impaired tillering, stunting, delayed flowering, spikelet sterility and incomplete
grain filling (Yoshida, 1981). Out of them, leaf rolling was used as a visual guide and as
an indication of drought stress occurs in plants. Leaf rolling was observed daily at 12 noon
(see Appendix F for values) in accordance with the leaf rolling score developed by IRRI
(Table 4.1).
Non-destructive plant growth measurements were made periodically. At maturity, grain
yield, biomass and root growth were evaluated. All results were compared with reference
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values (R) which are long term average values of Bg300 under field conditions in the same
study area.
Table 4.1: Leaf rolling score used in observations
Source: IRRI, 2012
Description Scale Description Scale
Leaves healthy (- shape) 0 Leaves fully cupped (U-shape) 5
Leaves start to fold (shallow) 1 Leaf margins touching (O-shape) 7
Leaves folding (deep V-shape) 3 Leaves tightly rolled (V-shape) 9
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4.1.2 Field Experiment
Experimental field was located at the uppermost position of the topo-sequence in the
paddy field with approximately less than 2% of land slope, which allows better drainage
and with a sandy soil suitable for aerobic rice cultivation. Yala season from March to
September, 2013 was selected for the experiment to minimize/avoid severe damages from
high monsoon rainfalls occur during Maha season.
Experimental Set-up and Design
The treatments were laid out in an RCBD with four different levels of irrigation treatments
(W0, W1, W2 and W3) similar to plant house experiment but with three replicates (R1,
R2 and R3). Irrigation treatments were based on soil matric potential ranges that is similar
to the plant house experiment.
Irrigation treatments were initiated 27 DAS until two weeks before harvesting, though
the pre-defined timing was to impose in 14 DAS. Unfavourable weather conditions prevailed
at the beginning of the experiment, flooded the entire experimental site thereby delaying
treatment initiations. All management practices were carried out according to the standard
conventional practices in flooded cultivation. The detailed procedure of the experiment is
explained below.
Land Preparation
Properly prepared land makes the soil surface easy for transplanting or direct seeding. It
further helps to obtain a smooth and firm seedbed, control weeds and incorporate organic
materials into the soil. Unlike in the flooded rice cultivation, land was dry prepared. Field
was drained for few days to remove excess water after the flood. Following pictures (Figure
4.5, Figure 4.6 and Figure 4.7) and explanations therein depicts the steps involved in land
preparation.
Figure 4.5: Dry land preparation of the field
A larger experimental block (7m x 5m) was selected to minimize the experimental
errors. Size and shape of the block was selected based on the available size of the experi-
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Figure 4.6: Land preparation and clearing the field
mental area and other criteria such as longer side of the plots perpendicular to the moisture
gradient in the field.
Figure 4.7: Demarcations of individual plots after land preparation
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Three replicate-plots of the treatment W0 were separated with a polythene layer, inserted
vertically 45 cm deep into the soil below the hard pan and 5 cm above the soil surface to
minimize/avoid the lateral water seepage to neighbouring dry plots (Figure 4.8).
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Figure 4.8: Inserting a polythene layer around a replicate plot in treatment W0
Each single plot was separated with a 1m wide soil bund to avoid lateral seepage to
nearby plots. At the surrounding margin of the entire plot, a deep trench (30 cm wide
and 45 cm deep) was cut to drain excess water from rain and if any from seepage. Entire
experimental block was separated from the surrounding paddy fields using a 2m wide soil
bund, a deep drain and a polythene layer inserted 45 cm deep to avoid/minimize the lateral
water movement above the rooting depth between plots (Figure 4.9).
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Figure 4.9: Schematic diagram of the experimental set up. solid circles and stars show the locations of
drainage buckets and groundwater piezometer locations. A,B,C,D & E are the soil sampling
points.
Seed Establishment
All plots were levelled and the soil surface was made with fine soil particles for better seed
emergence and water distribution during irrigation as well during drying to impose drought
stress (Figure 4.10). Finally, individual blocks were labelled according to the pre-defined
statistical design. Pre-germinated seeds of Bg300 variety were hand dibbled into the soil
at 2 cm depth with an inter-row spacing of 20 cm and intra-row spacing of 15 cm. Seed
establishment method is known as direct wet row seeding (Figure 4.11).
Irrigation Water Supply
The experiment was conducted under supplemental irrigated conditions due to lack of
rain-out shelters. Irrigation water was supplied from a nearby irrigation tank (Bathalagoda
tank). All plots were irrigated with a sprinkler system (Super D 353-11103-7, Super prod-
ucts company Ltd., Thailand; Discharge rate 500-800L/hr; pressure of operation 1-3 bar;
radius of wetting perimeter 1-2.5m) and each plot was irrigated with an individual sprin-
kler located at the centre of the plot. Dry spots were observed in the edges of the field due
to the circular shape of wetting area of the sprinkler. These dry spots were excluded in
plant sampling and in data collection.
Required pressure of operation was provided by a water pump (Solex centrifugal water
pump: SXD 144/15 with 1.5 hp and an output of 550 g.p.h). Main pipes (1” diameter)
and the lateral pipes (1/2” diameter) of the sprinkler system were fabricated using PVC
pipes. A water meter (PN: 16, 40:c; ISO 4064; flow rate 1.5m3/hr) was attached to the
main line next to the water pump to measure the water consumption. A pressure gauge
was installed next to the water meter in the main line. Since previous experiment data
was unavailable about the soil hydraulics, duration of irrigation was basically set for 5-10
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Figure 4.10: Levelling of field before seed establishment
Figure 4.11: Seed establishment by hand dibbling
minutes. Percolation during this period was assumed to be negligible as each plot was
irrigated within a short period. Frequency of irrigation was upon reaching the relevant
maximum threshold soil matric potential values, usually twice a day, depending on daily
weather.
Installation of Soil Moisture Sensors
Digital tensiometers (Bambach Digital) were installed at 10 cm, 20 cm and 30 cm
depths. Tensiometers were installed at all three depths in one replicate of each treat-
ment. One tensiometer was installed in every plot at 20 cm depth. This tensiometer was
the control tensiometer to irrigate the plots. The location of the tensiometer in each plot
38
4.1 Experimental Analysis of the State of the Art-Phase 0
was within the wetted perimeter of the sprinkler, neither very close to the base of the
sprinkler lateral nor farther from the wetted perimeter.
Management Practices
Fertiliser applications (Appendix E), pests, diseases and other management practices
were similar to the plant house experiment. Weeds were controlled using pre-emergence
herbicides before seeding and manual weeding after seedling emergence.
Introduction of Drainage Facility to the Field
Ground water flow gradient was perpendicular to the irrigation channel (from block I
towards the block III). Therefore, three drainage containers (Figure 4.12) were installed
along the soil bund between second and third experimental blocks (solid circles in Figure
4.10) to drain out excess water. Water collected in these containers were removed daily. In
addition, ground water table was monitored daily using piezometers installed at four
different places in the field.
Figure 4.12: Installation of a drainage container and interior view of a drainage container
Data Collection and Analysis
A boundary layer of 50 cm from all plots was excluded from the sampling to avoid the
boundary layer effect in all data measurements. Plant samples were weekly taken from
10 planting hills (resembling a sampling area of 0. 54m2) by destructive method to de-
termine both above-ground and underground parameters. The measured parameters are
summarized in Table 4.2.
In parallel, LAI, leaf rolling score, leaf nitrogen level and grain yield at maturity were
measured. Plants were removed from the field early in the morning on the same day in
every week. Special care was given to minimize the damage to the roots during uprooting
and washing. All plants were labelled, washed and transferred to polythene bags with little
water to avoid wilting until all measurements are being made.
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Table 4.2: Method and frequency of measured plant parameters
Parameter Frequency Method/ Measuring instrument
Leaf rolling Daily Leaf Rolling Score (IRRI)
Plant growth stages Daily Visual observation using Standard
Evaluation Systems (SES) for rice (IRRI,
2002)
Number of tillers Weekly Visual observation by counting
Green, yellow and dead leaves Weekly From seedling emergence until maturity all
leaves were counted separately
Number of panicles Weekly Number of panicles from late booting until
maturity were counted
Dry biomass Weekly Samples were oven dried at 70°C after
separating into leaves, stem, roots and the
dry weights were recorded
Leaf area Weekly Leaf Area Meter (LI-3100 C)
Leaf nitrogen content Weekly SPAD-502 meter & LCC
Leaves intercept incident solar radiation. Therefore, LAI is widely used in the research of
crop photosynthesis and growth analysis. LAI was calculated using equation 4.1. Though
a leaf has two surfaces, it is usual to measure only one surface. In rice, it is common
to measure only the area of leaf blades because photosynthesis by sheaths and culms is
negligible (Yoshida, 1981). Samples were taken destructively taking a representative sub-
sample of 20 leaves from each planting hill. Total leaf area was calculated using biomass of
all leaves.
LAI = Sum of the leaf area of all leavesGround area of field where the leaves have been collected (4.1)
Leaf rolling score, developed by IRRI was used and observations made daily at 12 noon
(Appendix F). Leaf nitrogen content was measured weekly with SPAD-502 meter, a hand-
held device that is widely used for the rapid, accurate and non-destructive measurement
of leaf chlorophyll concentrations. Newest upper leaf of the plant was used to measure
the nitrogen level. In parallel to that, Leaf Colour Charts (LCC) were used as additional
measurements to compare the accuracy of measured values.
At physiological maturity, 4m2 from each plot were harvested. All panicles were counted
and hand threshed. Full grains and empty grains were separated using a seed separator. Full
grains, empty grains and biomass including roots were separately oven dried at 70°C for
72 hours until a constant weight is achieved. Individual grain weight was measured using
the average value of all full grains.
Soil texture was analysed using sieve method and sedimentation test. Bulk density of
the soil was measured at the same depths. Soil profile at three different locations were
analysed. Two soil samples from five different places in the field at depths 10 cm and 20 cm
were taken to analyse and to derive soil moisture retention curve using a pressure plate
apparatus. Samples were tested in the soil laboratory of the Department of Arid Land
Agriculture, College of Food and Agriculture, United Arab Emirates. RETC (RETention
Curve) version 6.02 computer program was used to derive soil hydraulic properties for the
soil. Soil matric potentials were measured three times a day (at 7:30 a.m., 12 noon and
4:30 p.m.) throughout the season. Daily maximum and minimum temperatures, rainfall,
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sunshine duration and evaporation data were collected from the weather station located
1 km away from the experimental field.
4.2 New Experimental Design-Phase 1
This experiment was conducted in the laboratory premises of the Institute of Hydrology,
Technische Universität Dresden, Germany. Duration of the experiment was from mid-July
until end of November 2014.
Experimental Set-up
Figure 4.13: Experimental set-up and locations of growing lamps
Sixty plastic pots were used in this experiment as individual experimental units, accom-
modating 5 irrigation treatments and 12 replicates. Space for each container was 30 cm x
30 cm. Each plastic pot had a cross sectional area of 0.07m2. All pots were arranged in an
RCBD design (Figure 4.13).
Pots were filled with 12 kg of sandy soil and left one week to settle the soil. Seed es-
tablishment and fertiliser applications were similar to the previous experiments. The only
difference is nitrogen was provided through an organic fertilizer source. Artificial lighting
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was used as the source of radiation. Five growing lamps (400W each) were installed at 1.5m
above the upper surface of the pots to provide required radiation for the plant growth. The
entire area of the laboratory was covered with an Aluminium foil, separating the plants
and to reflect the radiation homogeneously to the plants.
Soil matric potential was measured using Digital tensiometers (Blumat digital-5002). The
measuring range of these tensiometers is up to -750mbar. Tensiometers were installed at
20 cm depth in replicates; 2, 3, 4, 5, 8, 9 and 12. Other replicates were without tensiometers
and they were considered as similar to the nearby treatment replicate and irrigated in the
same manner.
When and where necessary, management of pests, diseases and weeds were carried
out. Soil was kept moist until two weeks after seeding and irrigation treatments were initi-
ated. Irrigation was done using a spray can to simulate the sprinkler irrigation. Soil matric
potential based five irrigation treatments; W0 (flooded with a reduced ponded water level
of 3 cm above the soil surface), W1 (tension between 100-200mbar), W2 (200-300mbar),
W3 (300-400mbar) and W4 (400-500mbar) were used. Different tension ranges compared
to plant house and field experiment were used as there is more control on climate boundary
conditions under laboratory conditions.
Data Collection and Analysis
Weekly plant growth, leaf nitrogen content in terms of SPAD values, leaf rolling score,
LAI, yield at physiological maturity and maximum root lengths at harvesting were
recorded. Radiation received by each pot was measured periodically using a pyranome-
ter.
Daily soil tension values and weight of the pots were measured at 10:00 a.m. (before and
after irrigation), 12 noon, 2:00 p.m. and 4:00 p.m. Five treatment replicates without the ten-
siometers were assumed that they are serving as a boundary to the middle pots in achieving
homogeneous conditions. However, these pots were assumed to have the similar soil water
potential as nearby pots with the tensiometers and irrigated with the same amount of wa-
ter. Soil bulk density, initial and final saturated hydraulic conductivity, volumetric water
contents and grain size distribution were analysed. Daily maximum and minimum temper-
atures were collected from a wireless weather station (Nexus wireless weather station Nr.
35.1075) placed inside the laboratory.
4.3 Improved Experimental Design-Phase 2
A tailor-made experiment was designed and implemented to investigate the first research
objective. Experiment was conducted from 08th of May 2015 till 19th of September 2015,
in the technical halls (Technikum) at the Technische Universität Dresden, Germany.
A protected compartment was constructed (2m x 2m x 4m) using hard boards and
steel poles. Interior walls and roof were covered with Aluminium foils to get homogeneous
lightening conditions and to maintain the required temperatures. Three PVC containers
(95 cm x 55 cm x 72 cm) were placed in parallel to each other inside the compartment. All
three containers were placed at the same level and two containers were placed on two
weighing balances.
These weighing balances were constructed using two PVC plates and 4-strain gauge type
load cells having a maximum load bearing capacity of 1000 kg. They were connected to a
data logger (DT80) to get the water balance throughout the season (Figure 4.14). Weighing
balances were calibrated and the containers were attached to the weighing balance (to
avoid/minimize effect to the output signal by any movement). Weighing balances were
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re-calibrated afterwards. One container was without a weighing balance due to lack of
resources.
Figure 4.14: Schematic diagram of the experimental setup in a container
Soil Filling and Installation of Moisture Sensors
Soil filling was carried out uniformly without any compaction and in a way to get similar
bulk densities in all three containers. Containers were filled with the same soil, used in
pot experiment-2014. In container one (T1), no devices installed other than a measuring
ruler to maintain the ponding water depth. In other two containers (T2 and T3), TDR
probes and tensiometers were installed. All TDR probes were calibrated at the beginning
of experiment and were installed in parallel to soil filling process at a frequency of 10 cm up
to 60 cm depth. At each depth, two TDR probes were installed (Figure 4.15). TDR probes
were installed in between two plants and one below the other.
Figure 4.15: Installation of TDR probes
All TDR probes were connected to a coaxial multiplexer and moisture contents were
43
Chapter 4 New Methods for Improving Water Productivity in Rice Cultivation
logged every 15 minutes throughout the growing season. All three containers were flooded
from the top to get homogeneous initial conditions and to minimize any soil settling
caused significant changes in hydraulic properties during the plant growth. A small outlet
was created at the bottom of each container and a micro filter was installed to drain
the excess water from flooding. Containers were left to dry for 50 days before seed estab-
lishment. After soil settling, outlet was closed and all containers were saturated in the
same manner to get similar initial conditions. Another pair of TDR probes was installed
at a depth of 5 cm in T2 and T3 containers assuming that installed TDR probes have
been dislocated due to soil settling with initial flooding. Tensiometers (Bambach digital
tensiometers and T4e Tensiometers) were calibrated and installed at same depths with
TDR probes, up to a maximum of 40 cm. All these tensiometers were connected to a data
logger. 12 Tensiometers and 14 TDR probes were accommodated in one container (see
Figure 4.16).
Figure 4.16: Location of tensiometers
Irrigation Treatments
Three irrigation treatments (T1, T2 and T3) were introduced to the three containers. First
container (T1) was used to grow rice under flooded condition representing the standard
conditions and management practices. Ponding water depth of 3 cm was maintained by
daily manual water application. Second and third treatments (T2 and T3) were sensor
based, maintaining soil matric potentials at -150mbar and -300mbar respectively.
Rice plants in T2 and T3 were irrigated using an automated drip irrigation system
(Netafim NMC-pro, Israel). Each plant was irrigated separately with one drip inserted
near the root zone (Figure 4.17). Each drip has a discharge rate of 1.2 L/hr. Duration of a
single irrigation event was 5 minutes and the gap between two irrigation events was set to
2 hours assuming water will distribute and decrease the soil matric potential within this
duration.
Irrigation treatments were imposed in 14 DAS and ceased 10 days before harvest-
ing. Irrigation was triggered by the soil tension of control tensiometers inserted at 20 cm
depth in each treatment. T4e tensiometer installed at 20 cm depth was used as the control
tensiometer to trigger the irrigation device and release water through valves upon reaching
the threshold soil matric potential.
Climate and Management Practices
Growing lamps (OSRAM Power star HQI-BT 400W/D PRO day lights E40) were used to
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Figure 4.17: Drip irrigation system
provide artificial lighting for the plant growth. Two metal halide lamps (six in total) were
hanged directly above each container. They were hanged at a height of 2m from the surface
of the container, leaving adequate space for maximum plant growth. Wavelength spectrum
of the lamps was more in blue and red regions for an optimum plant growth.
Growing lamps were set to operate using a timer, for 12 hours day (0800-2000h) and 12
hours night (2000-0800h) cycles throughout the growing period. Three temperature sensors
were installed to measure the air temperature close to lamps, on the soil surface and at
the load cells. All temperature sensors were coupled with the data logger. In addition, the
wireless weather station used in the laboratory experiment was used to log daily maximum
temperature, minimum temperatures and relative humidity inside the compartment.
Figure 4.18: Horizontal radiation measurement points
R1 and R2 are two halves of the container
Radiation interception was measured horizontally in five places and vertically at 10 cm
height frequency up to 100 cm as shown in Figure 4.18. Germinated seeds of Bg300 rice
variety were dibbled 2 cm below soil surface with a spacing of 20 cm x 15 cm accounting
18 plants per container. Once the seeds have emerged from the soil, all treatments were
maintained under saturated conditions for 2 weeks to get a uniform plant density. In
two weeks excess plants were removed, leaving three best grown plants per hill. Fertiliser
applications were carried out according to the local fertiliser recommendations released by
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the Department of Agriculture, Sri Lanka. All treatments were kept free from weeds, pests
and diseases.
Data Collection and Analysis
Similar to other experiments, plant parameters, soil parameters and climate variables were
measured. In addition, GDD (Growing Degree Days), HI and BBCH (biologische Bun-
desanstalt, Bundessortenamt und CHemische Industrie) codes were used for phenological
stage identification. Stomatal conductance was measured using Decagon SC-1 steady state
leaf porometer. LAI was measured using Decagon ACCUPAR LP-80 device. Experimental
results were statistically evaluated using statistical software R and using crop growth model
APSIM-Oryza.
4.4 Model-Based Evaluation
Crop simulation models consider complex interactions between weather, soil and manage-
ment to evaluate and predict the crop performance. They can be used as a tool in evaluating
crop performance under varying conditions for improving yield and WP. The objectives of
crop modelling in this study were,
1. To validate APSIM-Oryza 1D model using field experiment data,
2. To evaluate the model’s ability to employ plant parameters determined from valida-
tion in the container experiment and
3. To estimate the potential yield for rice under measured soil matric potential levels.
Model Description
APSIM has a set of biophysical modules to simulate biological and physical processes in
farming systems. There is a set of management modules for the user to specify the intended
management rules to characterise the scenario being simulated and to control the conduct
of the simulation. The simulation engine drives the simulation process and controls all
messages passing between the independent modules (Keating et al., 2003). These elements
of the APSIM framework are illustrated in Figure 4.19 and explained therein.
Currently crop modules are available for more than 20 crops including rice. The plant
modules simulate key physiological processes and operate on a daily time step in response
to input daily weather data, soil characteristics and crop management practices. All plant
species use the same physiological principles to capture resources and use these resources to
grow. Main differences are the thresholds and shapes of their response functions (Keating
et al., 2003).
Two modules are available for soil water balance and solute movement. SOILWAT which
is a ‘cascading layer model’ operates on a daily time step. The water characteristics of the
soil are specified in terms of lower limit (LL15), drained upper limit (DUL) and saturated
(SAT) volumetric water contents of a sequence of soil layers. The thickness of each layer is
specified by the user. As with all layered models, the empirical soil parameters are influenced
by the number and thickness of specified layers. Processes represented in SOILWAT are
adapted from a long history of ‘cascading bucket’ style water balances. These processes
mainly include;
1. runoff which is calculated using a modified USDA curve number approach,
2. evaporation which is based on potential evaporation (Priestly-Taylor or Penman-
Monteith) and modified according to the cover provided by surface residues or growing
plant
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3. saturated flow which occurs when any layer fills above DUL; a specified proportion
(swcon) of the water in excess of DUL drains to the next layer, unsaturated flow at
water contents below DUL where gradients in soil water content occur between layers
and
4. movement of solutes associated with saturated and unsaturated flow of water.
Figure 4.19: Elements of APSIM simulation framework
(Source: Adapted from Keating et al., 2003)
APSWIM is based on a numerical solution of Richards’ equation combined with the
convection-dispersion equation to model solute movement. The implementation in the AP-
SIM model is based on the ‘standalone’ SWIMv2.1. SWIM has its own internal time step
which is governed by the magnitude of water fluxes in the soil. Parameterisation of the soil
water properties for APSWIM requires specification of the moisture characteristic and hy-
draulic conductivity relationships in each soil layer. Both modules SOILWAT and SWIMv2
are one-dimensional and do not consider lateral flow or horizontal heterogeneity (Keating
et al., 2003).
SOILN is the module that simulates the mineralisation of nitrogen and thus the N supply
available to a crop from the soil and residues/roots from previous crops. The soil organic
matter in APSIM is treated as a three-pool system. The dynamics of soil organic matter
is simulated in all soil layers. Crop residues or roots added to the soil comprise the fresh
organic matter pool (FOM). However, decomposition of FOM results in formation of soil
organic matter comprising the BIOM and HUM pools. The BIOM pool is theoretically
the more labile organic matter associated with soil microbial biomass; whilst it makes up a
relatively small part of the total soil organic matter, it has a higher rate of turnover than the
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bulk of the soil organic matter. The model further assumes that the soil organic matter pools
(BIOM and HUM) have C:N ratios that are unchanging through time. Manager module
enables users to apply simple concepts of states, events, actions and conditional logic to
build complex management systems whose scope goes well beyond anything envisaged by
the early developers (Keating et al., 2003).
The MANAGER must be present in all APSIM configurations and it provides control
over individual components and the overall simulation. APSIM modules implement a
specific simulation process and communicate with other modules via a central simulation
engine. The user has the capability of plugging different combinations of modules together
to configure APSIM for different simulations. In addition, components such as surface
residues and soil erosion are available. The APSIM model has been robustly parame-
terised, calibrated and validated under diverse environments and management conditions
(Keating et al., 2003).
Model Parameterisation and Calibration
APSIM-Oryza version 7.9 was used in all model simulations. It is possible to use either
a graphical user interface or a command line approach to run the model. In this study
graphical user interface approach was used. APSIM-Oryza model was parameterised and
calibrated using secondary data from previous experiments conducted in the fields in Batha-
lagoda study area using Bg300 rice variety under flooded conditions. Daily weather data
(maximum and minimum temperatures, rainfall and sunshine hours) from January 1976
to September 2013 for Bathalagoda area were obtained from Natural Resource Manage-
ment Centre of Department of Agriculture, Sri Lanka. Daily incoming radiation was cal-
culated using sunshine hours, latitude, longitude and angstrom coefficients (a=0.29 and
b=0.39). Crop management practices were according to the recommendations of Depart-
ment of Agriculture, Sri Lanka. Planting dates were adjusted in the model simulations
according to the Table 4.3. Direct seeding with a plant density of 180 p/m2 and number
of plants per planting hill was 3 and planting hills per m2 was 30 in all simulations. Plant
spacing was 15 cm x 20 cm. SOILWAT module was used in water balance and solute trans-
port calculations by the model due to lack of soil hydraulic properties from secondary data
to use APSWIM module.
Rainfall was taken from meteorology file as an input and manual irrigation was given
as an input parameter. Plant water uptake and potential evaporation were calculated by
the model. Initial soil moisture condition of all treatments was considered as at field capac-
ity. Crop phenology and soil data used in calibration are described in following section.
To ensure the best model configuration, each experimental data set shown in Table 4.3
was parameterised and calibrated. About 10% of the crop parameters are expected to be
variety-specific and need empirical derivation. These parameters are development rates,
assimilate partitioning factors, specific leaf area, relative leaf growth rate, leaf death rate,
fraction of stem reserves and maximum grain weight (Bouman and Van Laar, 2006). As
the initial step, APSIM-Oryza was parameterised with local climate variables and manage-
ment parameters. Crop parameters for APSIM-Oryza were derived from related literature
on experiments conducted under similar climate and soil conditions for Bg300 rice vari-
ety. Second step was to run the parameterised model for field experiments (experiments
shown in Table 4.3) using the best initial estimates for those input parameters to be cal-
ibrated or require iterative adjustments. These secondary data from study area for Maha
season over 5 years included with planting date, maturity date and yield are given in Table
4.3. Soil characteristics of the study area were obtained from Mapa et al. (2005).
For this step, other system parameters which are unable to measure directly or with
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Table 4.3: Secondary data used in model parameterisation and calibration
Source: DOA, 2012
Year Date of sowing Date of maturity Yield
(kg/ha)
2003/04 07.11.2003 12.02.2004 6436
2003/04 14.11.2003 13.02.2004 5101
2008/09 18.11.2008 19.02.2009 5432
2009/10 19.11.2009 23.02.2010 4762
2010/11 03.11.2010 13.02.2011 4762
great uncertainty such as crop varietal characteristics and difficult to measure soil param-
eters were used. Model parameters according to different growth stages were considered
for the calibration process of the rice variety used. These are DVJR (Development rate in
juvenile stage), DVRI (development rate in photo-period-sensitive stage), DVRP (devel-
opment rate in panicle development stage) and DVRR (Development rate in reproductive
stage). Maximum optimum photo-period (MOPP) was taken from the secondary data from
previous experiments of Bg300. These genetic coefficients were not generated, instead de-
fault values from the model were used and manually calibrated accordingly (see Table
4.4).
Table 4.4: Genetic coefficients of Bg300 rice
Parameter Value (-) Parameter Value (-)
DVRJ 0.000862 DVRR 0.001755
DVRI 0.000853 MOPP 13.2
DRVP 0.000646
Specific Leaf Area (SLA) was calculated with respect to the crop development stage
(SLAT) from the secondary data and used in the model calibration. These values are shown
in Table 4.5.
Table 4.5: Specific leaf area values used in model calibration
SLAT 0.00 0.65 0.704 0.813 0.876 0.962 1.11 1.342
SLA 0.0001 0.002867 0.002492 0.00235 0.002415 0.002165 0.002531 0.002119
In addition, maximum individual grain weight of 0.0000262 kg grain-1 which is specific for
Bg300 was used in calibration. Soil parameters (Table 4.6) such as pH, EC, BD and other
chemical properties measured at different depths were obtained from Mapa et al. (2005).
Particle size distribution values were taken from the secondary data from other field exper-
iments conducted in the same study area in Bathalagoda. Values are summarized in Table
4.7.
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Table 4.6: Physical and chemical characteristics of soil at Bathalagoda
Depth
(mm)
Ks
(mm/day)
BD
(g/m3)
EC
(1:5 dS/m)
pH
(1:5 H2O)
CEC
(cmol/kg)
NO3
(ppm)
NH4
(ppm)
000-100 150 1.60 0.14 6.10 11.00 18.75 12.50
100-200 150 1.60 0.14 6.10 11.00 18.75 12.50
200-300 150 1.60 0.14 6.20 11.00 18.75 12.50
300-400 120 1.40 0.14 6.20 12.00 21.42 14.28
400-500 120 1.40 0.13 6.40 13.00 71.42 42.85
500-600 120 1.40 0.13 6.40 13.00 71.42 42.85
Table 4.7: Particle size distribution of soil at Bathalagoda
Depth
(mm)
Gravel
(%)
Sand
(%)
Silt
(%)
Clay
(%)
Texture
(-)
0-100 1.0 84.0 13.0 2.0 Sand
100-200 1.0 84.0 13.0 2.0 Sand
200-300 1.0 84.0 13.0 2.0 Sand
300-400 1.0 81.0 12.0 6.0 Loamy sand
400-500 1.0 81.0 12.0 6.0 Loamy sand
500-600 1.0 81.0 12.0 6.0 Loamy sand
Volumetric water content values of Bathalagoda soil (Table 4.8), which requires for SOIL-
WAT module were obtained from Mapa et al. (2005). Soil albedo value was taken as 0.23.
Table 4.8: Volumetric water contents of Bathalagoda soil
Depth (mm) SAT(m/m)
LL15
(m/m)
DUL
(m/m)
Air Dry
(mm/mm)
0-100 0.386 0.076 0.157 0.050
100-200 0.386 0.076 0.157 0.050
200-300 0.386 0.076 0.157 0.060
300-400 0.457 0.143 0.232 0.118
400-500 0.457 0.143 0.232 0.118
500-600 0.457 0.143 0.232 0.118
Soil organic matter values used in the calibration with respect to different soil layers are
given in Table 4.9.
Table 4.9: Soil organic matter values used in calibration
Depth
(mm)
OC
(total %)
Fbiom
(0-1)
FInert
(0-1)
Depth
(mm)
OC
(total %)
Fbiom
(0-1)
FInert
(0-1)
0-100 100.000 0.035 0.700 300-400 70.000 0.035 0.700
100-200 90.000 0.035 0.700 400-500 60.000 0.035 0.700
200-300 80.000 0.035 0.700 500-600 50.000 0.035 0.700
Simulated outputs for crop development and yield production were then compared with
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observed values of the field experiments. If disagreements were noted, parameters were
re-adjusted within reasonable bounds and the process repeated until acceptable model
performance was achieved.
Model Validation and Evaluation
The process to check the accuracy of the model after parameterisation and calibration is
validation. Model was validated using field experiment-2013 results. Crop growth rates in
juvenile period, climate variables, soil parameters, irrigation and management parameters
were changed accordingly. These results are explained below. This process is also iterative:
poor initial validation performance sometimes required check-up of parameterisation and
calibration steps, until acceptable model performance was achieved. Finally, the model
performance was graphically and statistically assessed.
Container experiment-2015 was used to further test the crop growth model which is here
described as model evaluation. Model simulations were developed to compare the achiev-
able yield under water limited conditions, which are interpreted here as scenarios. These
scenarios are the irrigation treatments used in container experiment-2015 and they are,
1. Irrigate the crop with a reduced ponded water depth of 3 cm throughout the season,
2. Irrigate when soil matric potential threshold level at 20 cm depth reaches -150mbar
and
3. Irrigate when soil matric potential threshold level at 20 cm depth reaches -300mbar.
Simulation output results were compared with the observed results of the container
experiment-2015. Simulated total above-ground biomass, biomass of green leaves, panicles
and LAI were compared with observed values by graphics and by linear regression. The
slope (α), intercept (β) and coefficient of determination (R2) between observed and
simulated values were determined. The root of the mean squared error ((RMSEa); mean
differences between observed and simulated values) which is similar to the standard devia-
tion of experimental measures were calculated using equations 4.2 and 4.3.
RMSEa = [ 1
n
n∑
i=1
(Si−Oi)2] 12 (4.2)
RMSEn = 100RMSEa∑n
i=1
Oi
n
(4.3)
Si and Oi are the simulated and observed values and n is the number of data pairs. Model
reproduces experimental data best when α is 1, β is 0, R2 is 1, P(t) is larger than 0.05 (at
95% confidence level). The model performance was evaluated using the Student’s t test of
means assuming an unequal variance P(t). RMSEn is in the same order of magnitude as
the Coefficient of Variance (CV) of measured values.
4.5 Characterisation of Root Growth under Drought Stress
Roots play a vital role of connecting the plant to the soil and thereby the soil to the atmo-
sphere. The growth and development of above-ground plants depends on the acquisition of
soil nutrients and water and so are closely associated with root morphology and physiology
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(Gowda et al., 2011; Jua et al., 2015). Root characteristics, particularly root depth, are
likely to increase plant water uptake, dehydration avoidance mechanisms and resistance to
drought effects.
Root growth of lowland rice is generally considered to be shallow due to its adaptation
to flooded conditions (Henry et al., 2011). The existence of large genetic differences in root
growth of various groups of rice, where indica genotypes characteristically showed thin,
shallow roots and japonica genotypes had deeper, coarse roots (Lafitte et al., 2001). Further,
adaptive responses such as adventitious root emergence, lateral root branching and deep
root penetration would protect the plants against dehydration stress in aerobic culture
(Kato and Katsura, 2014).
The root system, being the plant organ directly in contact with the soil, is the first line
of defence for maintaining plant productivity under soil abiotic stresses (Suralta et al.,
2015). Root adaptations under fluctuating soil moisture stress may be more complicated
than under either constant water-logging conditions or progressive drought stress because
of contrasting mode of root adaptation to either excess or deficit in soil moisture, respec-
tively. Thus, increasing yield under fluctuating soil moisture stress is not easy because of the
unexpected occurrence of progressive drought stress and transient water-logging conditions
at any stage of the plant growth (Suralta et al., 2015).
Since 1960s, most drought research has emphasized deep rooting, thick roots and the root
pulling force as desirable root traits that may contribute to the ideal root system for drought
resistance (Gowda et al., 2011; Suralta et al., 2015). Plants use different mechanisms to
cope with drought stress, namely, drought escape, drought tolerance, drought recovery and
drought avoidance. Among these four mechanisms, the mode of drought resistance with
which roots are most likely associated is drought avoidance. Genotypes that have deep,
coarse roots with a high ability of branching and penetration, higher root to shoot ratio,
elasticity in leaf rolling, early stomatal closure and high cuticular resistance are reported
as component traits of drought avoidance (Gowda et al., 2011). Plasticity in deep root
system development in rice has been observed under progressive drought conditions. In
other cereals such as bread wheat, maize, millet and sorghum, the plasticity in deep rooting
under progressive drought is also of tremendous advantage for maintaining growth and yield
in upland conditions (Suralta et al., 2015).
It requires a deeper understanding of the mechanisms that could facilitate drought re-
sistance in rice as it will be necessary for meeting the growing water shortage of the world
and to achieve drought resistance in rice (Serraj et al., 2011). Understanding the physiol-
ogy of drought response can contribute to plant breeding efforts toward drought resistance
(Serraj et al., 2009). Different root traits and their related functional characteristics are
summarized in Table 4.10.
Acquisition of more water from soil is a mechanism for drought tolerance in
rice. Improving the understanding of the interaction between root function and drought
in rice could have a significant impact on global food security (Gowda et al., 2011; Wu and
Cheng, 2014). Therefore, in all four experiments different root growth characteristics were
studied in different extents due to time and resource availability. Measured root character-
istics and methods are summarized in Table 4.11.
Maximum root length was measured using a measuring tape from the base of the plant
up to the end of the longest root tip. Root dry weights were measured after separating from
the plant, leaving them in an oven at 70°C for about three days, usually until a constant
weight is achieved.
Total root length against root diameter was measured by two methods; manually by
modified Newman method and image processing techniques using ImageJ (formally known
52
4.5 Characterisation of Root Growth under Drought Stress
Table 4.10: Root traits and their functional characteristics
Source: adopted from Gowda et al., 2011
Root traits Functional characteristics
Maximum root length Potential for absorption of soil moisture and nutrients
in deeper soil layers
Root to shoot ratio Assimilate allocation
Root volume The ability to permeate a large volume of soil
Root number Physical strength, potential for root system architec-
ture
Root diameter Potential for penetration ability, branching, hydraulic
conductivity
Deep root to shoot ratio Vertical root growth, potential for absorption of soil
moisture and nutrient in deeper soil layers
Root length/weight density Rate of water and nutrient uptake
Root branching Power of soil exploration (the major contribution to
total root length)
Total root length/surface area Total root system size: the size of contact with soil
(major determinant for water and nutrient uptake as
an entire root system)
Specific root length Degree of branching, density of root materials, porosity
due to aerenchyma development
Table 4.11: Measured root growth characteristics under different experiments
Experiment Root characteristics Method of measurement Frequency
Field experiment Maximum root length Measuring tape Weekly
-2013 Root dry weight Oven Weekly
Plant house experiment Maximum root length Measuring tape Weekly
-2013 Root dry weight Oven Weekly
Pot experiment Maximum root length Measuring tape Weekly
-2014 Root dry weight Oven Weekly
Container experiment Maximum root length Measuring tape Weekly
-2015 Root dry weight Oven Weekly
Total root length ImageJ and modified Once
Newman method
Root diameter ImageJ and modified Once
Newman method
as NIH Image). All roots were used in the analysis, since separation of roots to sub samples
was tedious. 257 unstained images for ImageJ and 276 samples for Newman method were
used. For the easiness, samples prepared for the imageJ were once scanned for image
processing and scanned for the second time with a grid paper underneath, so that the
counting time is reduced.
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Modified Newman Method
The root length of a sample can be estimated using intersects counting tech-
niques. Newmann (1966) derived a formula for estimating the total length of root in
an extracted root sample using the equation 4.4.
R = piNA2H (4.4)
Root length (R) was measured by counting the number of intersects (N) of roots in a
regular area (A) with randomly located and oriented lines of total length (H). The longer
the root, more intersects it made. This methods requires less time per measurement than
by direct methods. In this method roots are spread with a minimum overlap, over a regular
grid of known grid size, when necessary roots are cut into smaller pieces to avoid overlap.
Total number of intersections between the roots and the horizontal and vertical grid lines
are counted. An example of a grid with some rice roots laid on it is shown in Figure 4.20.
Figure 4.20: Roots laid in a Newman grid
This method was modified by Marsh (1971), arguing that the Newman´s method was
spent in complying with operating procedure in the uniform dispersion of roots in a finite
area (A) and the repetitive use of a short line (H) for intersection counts. He simplified
the formula and derived the below relationship for a grid square size of 1/2 cmx 1/2 cm
(equation 4.5).
R = 11N14 (4.5)
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If the grid size is 1 cm then the equation should be multiplied by 1/2 to get the root length.
Image Processing Method with ImageJ
ImageJ is an open source Java image processing program. ImageJ has a strong, established
user base, with thousands of plugins and macros for performing a wide variety of tasks
(Schneider et al., 2012). IJ_Rhizo is an ImageJ macro for the batch processing of scanned
images of root samples physically separated from soil by washing. IJ_Rhizo automatically
generates root length and radius measurements. Being based on a public domain, Java
image processing package, IJ_Rhizo is free of charge and platform-independent. IJ_Rhizo
offers a simple graphic user interface (GUI) so that it can be used by end-users with limited
computer literacy.
This GUI allows to customize: image resolution; the size of image border to be ex-
cluded from processing; background particle cleaning; root length correction including the
Kimura estimator; and the choice of automatic versus user-defined thresholding. In addi-
tion, the macro is also fully modifiable to accommodate the specific needs of more advanced
users. IJ_Rhizo generates, in addition to the main “ResultAll.txt” output file and for each
image analyzed, a root radius distribution file, stored as a text file and named using the
input image name exclusive of the original extension (Pierret et al., 2013).
Figure 4.21: Scanned root sample prepared for analysis in ImageJ
Root analysis in imageJ was done in two steps. First step is root sample preparation and
the second step is image scanning. Roots were washed thoroughly to remove root debris,
placing inside a strainer of 0.5mm inside a water bath. It avoids the loss of small diameter
roots during washing.
After washing, roots were placed inside a zip-lock polythene bags with a thin water layer
avoiding air bubbles entrapped inside. Inside each zip-lock bag, a known length of a scale
was placed. These root samples were scanned using a scanner (HP Deskjet 1510) with a
resolution of 300 pixels. A scanned image of a root sample is shown in the Figure 4.21.
Images were opened in ImageJ software and first measured the known distance of the
scale in pixels using straight line tool. This distance and the measurement units (either in
cm or inches) were given in the ‘set scale’ dialogue box under ‘analyse tool’. Images were
converted to 8-bit gray scale images for the analysis. The roots were then transformed to
binary images using the global thresholding algorithm.
After obtaining the threshold, these images were analysed using the line-measured algo-
rithm by Kimura et al. (1999). In the line-measured algorithm, root length is calculated
by counting the number of orthogonally and diagonally connected pairs of pixels. Root
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lengths in each root diameter class were measured as described by Kimura and Yamazaki
(2001). The peripheral pixels of the binary image were deleted and the root length is esti-
mated in this method. This process is repeated until no pixels remained in the image. Root
diameter is estimated using the number of deletions.
Finally a summary of results was obtained. For differentiating the roots to two diameter
classes, they were separated based on image processing results. The comparison of root
length results of two methods are presented in chapter 5.
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Results and Discussion
Results of each experiment are presented in this chapter. Basically in every experiment,
plant growth measurements, soil parameters, yield, WP and irrigation water saving results
are explained in a sequence. In the end model simulation results and the variation in root
growth characteristics are discussed.
5.1 Experimental Analysis of the State of the Art-Phase 0
5.1.1 Plant House Study
Plant Parameters
Plant height measurements do not show huge variations between replicates in all treatments
(Figure 5.1). Maximum plant height was approximately 100 cm in all treatments, which is
similar to the height under flooded field conditions.
Figure 5.1: Plant height variation in treatments
All replicates in every treatment follow a similar pattern in tiller production. Primary,
secondary and tertiary tillers are produced and therefore several peaks are shown in
graphs. Secondary and tertiary tillers are usually not productive. Maximum number of
tillers per planting hill were, 15 in W0 and W1 and 14 in W2 and W3. Under field con-
ditions Bg300 produces 18-24 tillers per planting hill if 3 plants per planting hill were
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established. Compared to the flooded field conditions, maximum number of tillers are not
produced in any treatment, thereby yield is decreased (Figure 5.2).
Figure 5.2: Number of tillers per planting hill
Maximum number of panicles is highest in W1. In other treatments panicle number is
less than the standard values (Figure 5.3).
Figure 5.3: Number of panicles per planting hill in different treatments
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HI is the ratio between grain harvest and total above-ground biomass. HI is usually 0.5 for
rice and this value was observed in W0 and W1. HI was less than 0.5 in W2 and W3 showing
less yield production due to less assimilate translocation towards the grains. Variations in
HI within a crop are mainly attributed to differences in crop management (D’Andrea et
al., 2008; Kemanian et al., 2007; Peltonen-Sainio et al., 2008; Yang et al., 2000). A water
and/or nitrogen management system that could increase growth rate during grain growth
and/or enhance the remobilisation of assimilates from vegetative tissues to grains during
the grain-filling period usually leads to a higher HI within a crop (Xue et al., 2006; Bueno
and Lafarge, 2009).
GDD which is a weather-based indicator for assessing crop development, was evalu-
ated for all treatments. Growing Degrees (GDs) is defined as the mean daily temperature
(average of daily maximum and minimum temperatures) above a certain threshold base
temperature accumulated daily over a period of time. No significant difference was observed
in individual growth durations, total growth durations and in total GDD of all treatments
with respect to the reference value (Table 5.1).
Table 5.1: Growth durations and GDD in treatments
Duration R* W0 W1 W2 W3
Vegetative (days) 35-40 37 37 40 40
Reproductive (days) 30-35 30 30 28 26
Ripening (days) 25-30 30 27 27 26
Total (days) 90-100 97 94 95 92
Total GDD**(°C days) 1843.68 1858.00 1822.25 1803.00 1764.75
*reference values **calculated with daily mean temperatures and base temperature of 8°C
Leaf rolling score and SPAD values of all treatment replicates are shown in Appendix F
and Appendix G respectively. SPAD measurements were used to maintain the plant nutri-
ent supply at similar conditions among all treatments and to observe, if any nutrient related
deficiency would occur during plant growth under different moisture conditions. SPAD
values did not show significant variations among treatments.
Soil Parameters
Soil matric potentials were maintained within the pre-defined values. Mercury manometer
readings were converted to mbar (see Appendix B) and used in the experiment. Variation
in irrigation amounts and soil moisture tensions in all treatments are depicted in Figure
5.4.
It is clearly seen that the manual irrigation to maintain the matric potential within a small
range is not practical when soil hydraulic properties are not known in advance. Sometimes
it suddenly reaches soil saturation on some days and exceeds the maximum threshold
value on another day. At high tension values, less amount of water was applied at a high
frequency and at low tension values, high amount of irrigation was applied at a low fre-
quency. Nevertheless, in average, tension variations were within the defined value ranges.
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Figure 5.4: Variation of soil moisture tension
Grain Yield and Water Productivity
Final grain yield, applied total irrigation amount and WPI are summarized in Table
5.2. Treatment averages compared to the reference value; R show significant differences
in grain yield, WP and irrigation amounts. Highest yield (6 t/ha) was obtained in W0,
followed by W1 (5.7 t/ha), which were higher than the reference value. Considering yield,
WP and irrigation water savings, W1 shows best results. It increases the grain yield and
WP. Though water savings are similar in W1 and W2, yield loss is 23% in W2. However,
this is considerably a good yield. ANOVA and Tuckey HSD tests suggests that all treat-
ments had significantly different yield at 0.001 significance level. WPI was significantly
increased in all treatments except in W3.
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Table 5.2: Average grain yield, irrigation and water productivity
Treatment Matric
potential
Grain
yield
Irrigation
amount
WPI Change
in yield
Irrigation
water
savings
(mbar) (t/ha) (mm) (kg/m3) (%) (%)
W0 0-40 6.00a 568.44 1.05a +13 46
W1 40-80 5.70b 458.27 1.24b +8 56
W2 80-120 4.00c 450.27 0.88c -23 57
W3 120-160 3.20d 442.99 0.73cd -38 58
R flooded 5.23e 900-1200 0.50d - -
Values with same letters are not significantly different
Summary of Plant House Experiment
In above experiment, no significant difference in plant growth was observed. Optimum re-
sults in terms of yield, WPI and irrigation water savings were shown in treatment W1. Rice
grown under saturated conditions shows a better yield compared to the flooded rice. This
might be because higher water absorption caused enhanced root growth due to proper aer-
ation. In closer look, threshold matric potential ranges are very close to each other between
treatments. However, it is not conclusive that the maximum threshold limit for increased
WP and yield is 40-80mbar or a higher value that lies between 80-120mbar. Important
crop growth measurements such as Leaf Area Index (LAI) was not manually measurable
due to large number of leaves per plant. Irrigation was based on trial and error based due
to unavailability of soil hydraulic properties at the beginning of the experiment. On the
other hand, soil matric potentials were measured using locally fabricated mercury ceramic
capsule tensiometers, which are not standard soil moisture sensors. Main focus of the plant
house study was to evaluate the DSDIRS under irrigated conditions.
5.1.2 Field Experiment
Plant Parameters
Plant height variation with irrigation treatments is shown in Figure 5.5. According to
the results, no significant differences can be seen between treatments. Though significant
differences were not observed in plant growth, LAI shows variations between treatments
(Figure 5.6).
LAI is a key vegetation characteristic needed to estimate the crops ability to capture solar
radiation. The productivity of a crop depends on the ability of plant cover to intercept the
incident radiation, which is a function of leaf area available, the architecture of vegetation
cover and conversion efficiency of the energy captured by the plant into biomass. This
implies adapting agricultural practices in such a way as to obtain complete canopy cover
as soon as possible. In treatment W0, leaf area growth has reached a maximum value of
4.8. With the increase of drought stress, maximum LAI has decreased in all treatments and
variation within the treatments were minimum.
Observed HI values were 0.61, 0.68, 0.57 and 0.47 for W0, W1, W2 and W3 respec-
tively. Values were analysed using ANOVA and Tukey HSD post hoc tests for mean differ-
ences from reference value which is 0.5. All Values were significant at 0.1 level. HI shows
an increase in W0, W1 and W2 and a slight decrease in W3. Decrease in HI could be
mainly due to water stress which resulted by decrease in translocation of assimilates to
the grains, which lowered grain weight and increased the empty grains. High HI indicates
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Figure 5.5: Plant growth variations among treatments
Figure 5.6: LAI variations among treatments
the efficient translocation of assimilates to grains. Also, according to the literature, when
applied water stress is uniform over the season it allows the plants to grow and adopt to the
stress conditions gradually and this does not contribute to significant changes in assimilate
partitioning and HI (Munitz et al., 2017).
In parallel to other measurements, important growth stages were observed and recorded
(Figure 5.7). A summary of growth durations and GDD for each treatment are shown in
Table 5.3. There is no significant difference in total growth duration compared to refer-
ence values, as well as between the treatments. No differences were observed with drought
stress in GDD values. However, differences were observed with respect to single growth
periods. No difference was observed in duration of vegetative period, which might be an
indication of sufficient soil moisture content from rainfall at the initial growth stage.
Other measured parameters, such as biomass of leaves and stems were used in the crop
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Figure 5.7: Emergence of seedlings, vegetative stage, heading of a panicle, milky stage and physiological
maturity stage are shown respectively
modelling. Additional photos of the field experiment are given in Appendix H.
Table 5.3: Growth durations and GDD in treatments
Duration R* W0 W1 W2 W3
Vegetative (days) 35-40 38 38 38 38
Reproductive (days) 30-35 34 34 34 31
Ripening (days) 25-30 30 29 27 28
Total (days) 90-100a 101a 101a 98a 97a
Total GDD**(°C days) 1843.68b 1949.25b 1931.33b 1888.58b 1859.50b
*reference values **GDD calculated with daily mean temperatures and base temperature (8°C)
Soil Parameters
Soil matric potential variation in the treatments are shown in Figure 5.8 and values are pre-
sented in terms of soil moisture tensions. Tension variation at 20 cm depth in one replicate
from each treatment is graphically presented. Summation of irrigation and rainfall is shown
as water input in the same graphs. According to the graphs, maintaining soil tension within
a certain range by manual irrigation is practically a tedious task. However, W0 treatment
was maintained at an average tension range from 0-40mbar with frequent irrigation. All
irrigation treatments were imposed for a period of 61 days (in average, 60% of total growth
period was under drought stress).
Also, at the initial stage of the experiment, field got flooded due to unfavourable weather
conditions. Since there was no initial information available on soil hydraulic properties of
the study area, irrigation was based on trial and error method.
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Figure 5.8: Moisture tension variation in treatments
Soil profile analysis showed 3 distinct layers; top sand layer in grey-brown colour, a clay
layer and a deep sand layer in light brown colour, followed by the water table. Water table
was located at a depth of 70-80 cm below soil surface (Figure 5.9).
According to Mapa et al. (2015), available soil in the study area is Low-Humic-Gley
soils. The A horizon generally shows a differentiation into A1 and A2, but these two horizons
are very often mixed due to cultivation. The A1 or the Ap is dark grey to dark brown in
colour, while the A2 is lighter, usually pale brown and possibly strongly leached and thus
very pale. There is a distinct textural difference between the A and the Bt horizons with
their latter being clayey. Due to recurrent wetness, the Bt horizon is strongly mottled. This
mottling may be lateritic in nature if the red parts become hard upon drying. According
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to the soil profile analysis, surface soil is sandy clay loam and subsurface soil is sandy clay
loam to clay loam. Soil grain size distribution is shown in Appendix I.
Figure 5.9: Schematic diagram of the soil profile in the experimental field
Soil moisture retention curves at the soil depths; 0-10 cm and 10-20 cm are given in
Figure 5.10. A1, B1, C1, D1, E1, A2, B2, C2, D2 and E2 are the soil sampling points at
these two depths (see Figure 4.9).
Figure 5.10: Soil moisture retention curves
Water Balance
Water balance was calculated using pan evaporation data. Pan coefficient was taken as
0.75 and the reference evapotranspiration for the entire growing season was calculated as
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2.5mm/day. Actual evapotranspiration for the treatments under different moisture stress
levels should be calculated using adjusted crop coefficients for different crop growth stages.
Grain Yield and Water Productivity
Average grain yield, WP and irrigation amount with respect to irrigation treatments are
summarized in Table 5.4.
Table 5.4: Average grain yield, water productivity and irrigation
Treatment Grain yield Irrigation regime Irrigation amount WPI+P Change in yield Water savings
(t/ha) (mbar) (mm/ha) (kg/m3) (%) (%)
W0 6.67b 0-40 607.69 1.10a +28 42
W1 5.68a 40-80 542.89 1.05a +9 48
W2 4.18c 80-120 479.79 0.84b -20 53
W3 3.41cd 120-160 463.26 0.74c -35 56
R 5.23a flooded 900-1200 0.50c - -
Values with same letter indicates no significant difference
Compared to the reference values, both increase in yield and irrigation water savings
are high in W0 and W1. A similar yield of 5.8 t/ha is reported from a crop WP simulation
study of Bg300 under AWD irrigation in Bathalagoda, Sri Lanka (Amarasingha et al.,
2015). Yields of 6-6.8 t/ha has been reported under very high soil tension values of 1000-
2000mbar using aerobic rice cultivars in china with RDI strategy, avoiding drought stress
at flowering (Xue et al., 2008). On latter two treatments, a considerable decrease in yield
is observed despite high irrigation water savings up to 53-56%. WP decreases with the
increase in drought stress, which is due to decrease in both yield and amount of irrigation
water. However, there is an increase in WP in all treatments compared to the reference
value (long-term average from the study area for the same rice variety). Considering
overall results, in terms of yield, WP and irrigation water usage, W0 shows the best re-
sults. Though irrigation water savings are comparable with the treatment under 0-40mbar
tension, reference yield under flooded conditions is lower. ANOVA test followed by Tukey
HSD analysis indicates that W0, W2 and W3 yields are significantly different from ref-
erence yield (R) at 0.001 significant level, whereas W2 andW3 are not significantly different.
Summary of Field Experiment
Evaluation of field experimental results shows that soil matric potential threshold between
40-80mbar is optimum in terms of maximizing yield and WP. Maximum irrigation water
saving of 53-56% is achieved at high yield losses from 20-35% in W2 and W3. Nevertheless,
under continuous saturated conditions, yield increases compared to the flooded condi-
tions. Therefore, even without practising soil matric potential based irrigation, farmers
can gain a better yield compared to the flooded rice production under saturated condi-
tions. Maintaining soil matric potential values within the expected range was difficult due
to the non-availability of information on soil hydraulic properties and lack of a rain-out
shelter.
If we need to express the WP in terms of soil matric potential (WPΨ), then application
of irrigation amounts should be less and more frequent, thereby maintaining the required
soil tensions within a certain threshold level. In manual irrigation, what is more practical
is, to apply high amount of irrigation at less frequency. Concerning this experiment, it is
more precise to express the WP in terms of irrigation. Nevertheless, WP is expressed in
terms of irrigation and precipitation; WPI+P in this experiment. In average 60% of the
total plant growth duration was under water stress in all treatments. Gradually imposed
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stress gives sufficient time to the plant to adopt, to escape or to overcome stress condi-
tions. What is lack in this study is that, ETc was not calculated initially and the irrigation
amount was not decided at the beginning. If it was calculated and a certain fraction of ETc
was applied through this 60 days, results are more applicable in real field applications. It
was assumed that there was no lateral water movement between adjacent plots, hence each
replicate could be considered as an individual treatment with a different soil matric poten-
tial range. However, this should be further analysed and simulated by crop modelling and
check for the accuracy.
Drought stress-caused low nutrient absorption reduces the rate of leaf growth, reducing
the yield below optimum levels due to insufficient energy capture. Drains around the in-
dividual plots were collapsed after a heavy rainfall event and they deepened again. This
resulted, yellowing of leaves of the bordering plants (Appendix H). Therefore, additional
fertiliser applications were carried out to overcome the deficiency symptoms, assuming that
leaf yellowing occurred due to the leaching of nutrients (especially nitrogen) to the drains.
Concerning three experimental blocks, there was a gradient in plant growth and yield
in every treatment. This could be either due to seepage of water from nearby irrigation
channel, or due to capillary rise as ground water table was shallow. This situation might
have further affected by the soil heterogeneity within the experimental field. The flood
occurred due to unfavourable initial weather conditions was the main obstacle to impose
drought stress on proper time at the vegetative growth stage in this experiment.
In order to generalize the results and apply to different soil and climate conditions, crop
model simulations are a must. However, due to these shortcomings, a second lab experiment
was designed and executed with higher soil matric potential threshold ranges.
5.2 New Experimental Design-Phase 1
Plant Parameters
Average plant growth parameters are graphically presented in Figure 5.11. Plant growth
is highest in W0 followed by W1, W2, W3 and W4. Reduction in plant height is mainly
associated with the soil moisture stress.
As seen in Figure 5.11, maximum tiller count is observed towards the end of vegetative
stage, before panicle initiation. As nutrient resources become limited with high plant growth
rates, tillers die off and hence decrease in number. Tiller count is increasing again with
time. This is due to the production of secondary and tertiary tillers which arise from primary
and secondary tillers respectively. Highest number of tillers were observed in W1. This value
decreases again with increasing drought stress. Under field conditions 18-24 tillers can be
observed and similar values are gained under saturated soil conditions. Maximum number of
panicles per m2 had no difference between W0, W1 and W3. No sharp trend was observed
towards the increasing drought stress though lowest value was observed in W4 (Figure
5.12).
Maximum leaf area was calculated approximately by measuring the length and width of
individual leaves. LAI was maximum in W0 treatment (3.3) and it decreased with drought
stress. Values were 3.01, 2.90, 2.00, 1.90 in W1, W2, W3 and W4 respectively.
HI values showed the similar variation pattern and values were 0.5 (W0), 0.40 (W1),
0.37 (W2), 0.35 (W3) and 0.33 (W4). Similar to other two experiments, SPAD values
were measured weekly and values are summarized in Appendix H. Other measurements
made after harvesting such as filled grains, spikelets per panicle were used in grain yield
calculation and are summarized in chapter 6. Some pictures of different growth stages are
shown in Figure 5.13.
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Figure 5.11: Change in plant height and number of tillers per planting hill of treatments
Figure 5.12: Maximum number of panicles per m2
Total duration of plant growth of W0 was similar to field condition values, but showed
higher duration to complete growth in all other treatments (Table 5.5).
Also, in dry treatments, time taken for vegetative period and ripening stages is high
compared to the R. Plants might have overcome the drought stress by having a longer
duration in vegetative and reproductive stages and reduced time for ripening. GDDs were
calculated and it also seemed to be high in W1, W2, W3 and W4 compared to the
reference value. Weeds, pests and diseases were not observed as plants were not exposed to
the outside environment. Nevertheless, some nutrient deficiencies were observed from time
to time, hence fertiliser was applied additionally, irrespective of standard recommendations.
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Figure 5.13: Different growth stages of the plants
Table 5.5: Growth durations and GDD in treatments
Duration R* W0 W1 W2 W3 W4
Vegetative (days) 35-40 47 47 52 53 55
Reproductive (days) 30-35 43 50 50 52 51
Ripening (days) 25-30 23 41 25 27 30
Total (days) 90-100 113 138 127 132 136
Total GDD (°C days)** 1843.68 1953.42 2369.30 2186.26 2269.63 2336.10
*reference **GDD calculated with daily mean temperatures and base temperature of 8°C
Soil Parameters
According to the grain size analysis, soil has similar properties with the soil of field
experiments-2013. Measured soil physical and chemical properties are summarized in Table
5.6. In addition, grain size analysis results is given in the Appendix I.
As per the graphs shown in Appendix J, in most treatment replicates, saturated hydraulic
conductivity has been increased after the growing season compared to the initial values at
the beginning of the season. This might be due to the root growth or due to preferential
flows occurred during plant growth.
Soil matric potentials were maintained within the pre-defined threshold levels by applying
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Table 5.6: Properties of the soil used in laboratory experiment
Parameter Value Parameter Value
pH value (-) 7.1 Gravel (%) 8.3
Mg content (mg/100g) 5.4 Sand (%) 90.1
Phosphorus as P2O5 (mg/100g) 15.5 Silt (%) 1.6
Potassium as K2O (mg/100g) 11.8 Clay (%) 0.0
Bulk Density (g/cm3) 1.1 Texture (-) Sand
small amounts of irrigation water at frequent intervals (Figure 5.14). Though plants were
irrigated in the morning, for some replicates, it was necessary to irrigate two to three times
a day depending on the tension level.
Figure 5.14: Variation of soil moisture tension in treatments
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Radiation interception was decreased with the plant growth due to shading from upper
leaves. In the experimental results (Appendix K) there is an increase in radiation after
48 DAS. This is due to the installation of a new lamp at this stage. Radiation decreases
in latter stage, due to shortening of lighting duration from 12 to 8 hours and shading
effect from grown-up plants. Variation in radiation received by each plant with respect to
the horizontal distance from the grow lamps was clearly visible. Plants located away from
lamps received low radiation, hence growth was retarded. Further, there was an interac-
tion effect from radiation and irrigation on growth on these plants. These replicates were
excluded in all calculations. Other samples were tested to see whether there is a combined
effect from radiation and water stress in yield production. However, radiation interception
varies with the soil moisture stress because the leaf rolling occurs and hence the leaf area
decreases. Thereby light interception decreases and yield reductions occur.
Maximum and minimum temperature variation inside the experimental set-up too re-
flects the changes in light operation duration (Figure 5.15).
Figure 5.15: Maximum and minimum temperature variations inside the experimental set-up
Water Balance
Water balance was calculated using weight differences of pots. ET was calculated for a
period of 67 days from the beginning of seed establishment.
Figure 5.16: Average evapotranspiration under different treatments over initial growth period
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Average ET of flooded treatment (W0) was the highest (3mm/day) and distribution
of data shows a higher dispersion. ET value of flooded treatment has no significant dif-
ference between the long-term average value (3.31mm/day) of ET under field conditions
in Bathalagoda study area in Sri Lanka. ET was highest in flooded treatment and shows
a decreasing trend with the increasing drought stress (Figure 5.16). Higher dispersion in
the values for individual treatments are due to the variation in radiation interception
of individual replicates. Treatment replicates, which were closer to or directly under the
growing lamps had higher ET and vice versa.
Grain Yield and Water Productivity
According to the ANOVA and Tuckey HSD tests, there was a significant difference (at 0.001
significance level) in yield with respect to water stress and radiation separately. Compared
to the R, there was no difference in the yield of W0 and W1. Other three treatments have
lower yield compared to the R. W2, W3 and W4 were significantly lower than W0, but
yields were not significantly different between these treatments (Table 5.7).
Table 5.7: Summary of average yield, irrigation and water productivity
Treatment Irrigation Yield WPI Irrigation Water Change
regime amount savings in yield
(mbar) (t/ha) (kg/m3) (mm) (%) (%)
W0 (+3 cm) 5.49a 1.08a 506.38 51 +5
W1 (100-200) 4.67a 1.05a 443.56 57 -10
W2 (200-300) 3.49b 0.84b 411.22 60 -33
W3 (300-400) 3.05b 0.83b 364.38 65 -41
W4 (400-500) 2.74b 0.77c 352.39 66 -47
R (5-10 cm) 5.23a 0.50c 900-1200 - -
Values with different letters are significantly different
At maximum threshold level of 400-500mbar tension, yield of 2.74 t/ha was achievable
with 352mm water input saving 66% of irrigation water which is comparable to the yield
of Bg300 under rainfall in dry zone of Sri Lanka (Amarasinghe et al., 2015). A parallel
study conducted in India using 4 different rice varieties under six soil matric potential
based irrigation regimes shows that there was no significant difference in grain yield up
to -300mbar for two varieties, whereas for other two varieties it was up to -400mbar
compared to continuous flooding (Kumar et al., 2017).
Summary of Pot Experiment
Main problem of the pot experiment was, the delay in flowering due to low radiation received
by plants. Radiation of 3.7-5.1MJm-2day-1 which is in average 1/3 of the amount under field
conditions led to lower yields. Plants which received radiation from nearby two lamps and
the plants which were directly under the lamps had comparatively higher yields. Nutrient
deficiency symptoms were observed from time to time and hence additional fertilisers were
applied. Main problem of the fertilisers used is that it took some time to decompose due
to organic composition and hence plant growth was affected at the initial stage. This was
another reason for delay in flowering. Concerning yield, WPI and irrigation water savings,
W1 shows best results. W0 under flooded conditions with a reduced 3 cm ponding depth,
saves 51% of irrigation water compared to the flooded rice produced under field conditions
with 5-10 cm ponded water depth. Also, WPI has doubled and the yield has increased by
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5%. In W1, irrigation water savings is higher, though there is no significant difference in
WPI, compared to W0, a yield loss of 10% is possible. However, it is not conclusive whether
soil matric potential near to -100mbar, -150mbar or -200mbar would give better results
under DSDIRS. Therefore, maximum threshold values cannot be decided. W2 shows good
plant growth and higher water savings, but yield loss is significantly high.
In above three experiments, a range of matric potentials were used as treatments, be-
cause it was not possible to maintain the tensions around one value under manual irriga-
tion. Root growth was restricted in the pot experiment inside the laboratory (discussed in
section 5.5) and there was a limited control on climatic boundary conditions in the field
experiment. Due to these shortcomings and to evaluate the maximum soil matric potential
thresholds, an improved experimental set-up was designed in phase 2. Mean tension value
of W1 (-150mbar) and maximum threshold of W2 (-300mbar) were used as new irrigation
treatment thresholds.
5.3 Improved Experimental Design-Phase 2
Plant Parameters
Plant height at the initial stage was similar in all treatments. In latter stages, T1 shows the
high growth rate and T3 is lower due to the water stress. Number of panicles per planting
hill was similar in T1 and T2 but was less in T3 (Figure 5.17). Number of tillers was highest
in T1, followed by T2 and T3. Maximum LAIs were 2.73 in T1, 2.28 in T2 and 2.11 in
T3. HI was highest in T1 followed by T2 and T3.
Stomatal conductance, the reciprocal of stomatal resistance, represents the gas exchange
ability of stomata. Generally, the stomatal conductance is higher when stomata open wider
and vice versa. Stomatal conductance which regulates gas exchange (CO2 and H2O) is a
major determinant of photosynthetic rate in rice. In principle, increase in stomatal con-
ductance can allow plants under well-watered growth conditions to increase their CO2
uptake and subsequently enhance photosynthesis. Stomatal conductance in all treatments
are high at the initial stages and gradually decrease throughout the season (Figure 5.18)
after initiating irrigation treatments. In flooded treatment, at 60 DAS shows a considerably
high peak in conductance, decrease thereafter and stable towards the end. In rice, stomatal
aperture as well as conductance is strongly correlated with leaf photosynthesis (Hirasawa
et al., 1988; Ishihara and Saito, 1987; Kusumi et al., 2012), whereas photosynthesis by
rice leaves is also influenced by other factors, such as leaf nitrogen content (Ishihara et
al., 1979; Makino et al., 1988) and content of the enzyme Rubisco (Kusumi et al., 2012;
Makino et al., 1987). According to Ishihara et al. (1979), two possible factors are considered
for the increase in photosynthetic rate in relation to nitrogen content, one is the increase in
chloroplast activity in CO2 fixation and the other is the decrease in the resistance to CO2
transfer from the atmosphere to mesophyll due to the increase in the stomatal aperture
and conductance.
In comparison to the SPAD values and fertiliser applications (See Appendix G for
graphs), deviation in stomatal conductance of T1 can be explained. Highest value observed
in T1 could be due to the presence of maximum number of leaves and sufficient nitrogen
contents in leaves as there was an application of fertiliser with nitrogen and potassium prior
to this period, resulting a higher stomatal conductance with sufficient irrigation. Then the
conductance decreases. The reason behind this is, there was a sudden crack occurred in
the bottom of the container on 62 DAS due to bulging and water was leaking. Therefore
no ponding water could be maintained for few days. Consequently, water stress related
decrease in stomatal conductance might have occurred. In other two treatments, there is
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Figure 5.17: Changes in plant growth parameters with time
Figure 5.18: Variation of stomatal conductance in treatments with drought stress
a decreasing tendency in stomatal conductance which is mainly due to water stress. Near
maturity, all treatments show similar conductance values. Considering the yield, soil mois-
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ture tension and stomatal conductance variation, it can be concluded that the lower yield
is resulted in T3 due to high soil moisture tension and low stomatal conductance. Higher
the stomatal conductance, higher the gas exchange between leaf surface and atmosphere,
hence higher photosynthesis and yield are achieved.
BBCH identification codes (Appendices L1 & L2) were used to determine the growth
stages of rice (Figure 5.19). Compared to the field experiment, time taken to reach the
reproductive stage and ripening stage is relatively high in all treatments. This could be
mainly due to the combined effect of the lower radiation received from growing lamps and
the drought stress.
Figure 5.19: Different phenological stages of crop growth
Total growth duration had no difference between the treatments. In addition, higher
total GDD was observed in all treatments compared to the R, but no significant difference
among treatments (Table 5.8).
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Table 5.8: Growth duration and GDD in treatments
Growth stage Duration (days)
R* T1 T2 T2
Vegetative stage (days) 35-40 60 63 61
Reproductive stage (days) 30-35 35 41 36
Ripening stage (days) 25-30 38 27 34
Total duration (days) 90-100a 133b 131b 131b
Total GDD(°C days)** 1843.68c 2270.63d 2229.54d 2229.54d
*reference values **GDD calculated with daily mean temperatures and base temperature of 8°C
Radiation intercepted at the leaf surface at different growth stages and the plant growth
are depicted in Figure 5.20. Slight variations in the received radiation can be seen among
treatments which is also reflected in plant growth. Higher the plant height, more radiation
is received as the distance to the growing lamps is becoming less. Radiation received by
plants was less compared to the solar radiation received under field conditions.
Figure 5.20: Radiation and plant height variation with time
Taking commercial rates of electricity price in Germany for the year 2015 (0.151€/kWh)
and energy consumption of one growing lamp as 462 kWh/1000hr of operation, it accounts
668€ for operating 6 lamps for 12 hours a day for a maximum of 133 days. In future
experiments, it is possible to use white LED lamps to reduce the energy cost (Schmierer
et al., 2015), which is even applicable in real world at large scale crop production.
Soil Parameters
Soil moisture tension variation in T2 and T3 at three depths are shown in Figure
5.21. According to the graphs, at 20 cm depth soil moisture tension reaches maximum
of 150mbar and 300mbar in T2 and T3 respectively. At 10 cm depth, tension has reached
higher than the threshold values, indicating the soil drying process due to heating by grow
lamps. In T3 tension has reached up to 600mbar at surface.
Irrigation frequency in T3 is less compared to the T2, showing that it is less labour
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intensive to irrigate at higher soil moisture tensions if manual irrigation is practiced. Soil
matric potential and stomatal conductance shows an inverse relationship. At higher soil
moisture tensions, stomatal conductance decreases.
Also leaf rolling increases and thereby leaf area reduces, hence radiation intercep-
tion decreases. Both processes affect the photosynthesis and decrease the yield produc-
tion. However, to see the correlation between these two variables sufficient data is not
available on stomatal conductance.
Figure 5.21: Moisture tension variation and irrigation amounts in treatments T2 and T3
Analysis of the Soil moisture retention functions
The evaluation of the soil moisture content and matric potentials delivers up to small
deviations in almost identical retention curves for the associated container halves. The
difference in retention curves of the two treatments in the individual depths are very
high (Appendix M). The driest treatment T3, shows the ideal retention curves. That is
probably because the water content decreases least in the deeper layers and therefore,
not many different variations arise in water content. Retention curves, as expected, are
better in drier areas in deep soil layers rather than in the upper layers, which are strongly
influenced by irrigation. Although during the experiment very small disagreements with
the automatic irrigation came and some tensiometer data were not available for a short
period for evaluation. Based on the evaluations of all soil layers and model fit with RETC,
van Genuchten-Mualem parameters which are acceptable for all depths are θs = 0.3127,
θr = 0.0876, α = 0.0705 and n = 1.7673. θs and θr are saturated water content (cm3/cm3)
and residual water content (cm3/cm3) respectively. α and n are shape parameters.
Water Balance
Water balance components were calculated using weighing balance data (Table 5.9). ET
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for the initial 45 days of the growing period was calculated since there was a data gap in
weighing balances.
Table 5.9: Water balance components in treatments
Water balance components Treatments
T1 T2 T3
Irrigation (mm) 246.28 195.14 90.924
Change in soil water storage (mm) 124.79 85.12 -14.00
Evapotranspiration total (mm) 121.49 110.02 104.92
ET/day-calculated (mm) 1.59* 1.45 1.38
ET/day-simulated (mm) 1.59 1.42 1.37
* approximated value
Considering all treatments, flooded treatment, T1 has the highest ET followed by T2 and
T3. When drought stress increases ET tend to decrease as a measure to conserve water. In
T3 a deficit in soil water storage was observed due to reduction in applied irrigation. For
treatment T1, water balance was back calculated using model simulated ET value and soil
moisture storage change.
Grain Yield and Water Productivity
A summary of grain yield, WPI and irrigation water savings are shown in Table 5.10.
Table 5.10: Grain yield and water productivity
Treatment Grain yield Irrigation WPI Change in yield Irrigation water savings
(t/ha) (mm/ha) (kg/m3) (%) (%)
T1 4.93a 602.57 0.81a -06 43
T2 4.33b 479.58 0.90a -17 54
T3 3.15c 438.05 0.72b -40 58
R 5.23d 1050.00 0.50c - -
Values with different letters are significantly different
Grain yield was statistically tested for mean differences and there is a significant differ-
ence between T2, T3 and R. T1 and T3 were also different at 0.001 significance level. T1
has highest yield and irrigation water savings of 43%. Water savings in T3 is comparatively
higher, but with high yield losses. Although growth and yield attributes are negatively
correlated with soil moisture stress, optimum threshold soil matric potential was -150mbar
with a considerably good yield compared to the reference value. A similar study shows
that the yield remained unaffected up to 160±20mbar compared to the irrigation at 2-days
interval (Kukal et al., 2005). WPI has increased in all treatments compared to the reference
value.
Summary of Container Experiment
Compared to the three other experiments, this experiment was a success, despite the few
minor problems occurred. In container T3, a small crack occurred during the experiment
and it got sealed completely due to settling of small soil particles in between and its ef-
fect was minimum. The crack occurred in container T1 influenced plant growth and hence,
flowering was delayed and stomatal conductance suddenly decreased due to water stress
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and finally it was reflected by reduced grain yield and irrigation water savings. There might
be more yield and more irrigation water savings in T1 and T3 if these problems were not
occurred. As mentioned in the methodology, locations of TDR probes were measured be-
fore and after harvesting. TDR probes in both treatments were displaced approximately
by 10 cm. The displaced depths were considered in moisture content calculations. Since soil
matric potentials were maintained at constant values, irrigation amounts and moisture
content measurements are more accurate than the previous experiments. Soil matric po-
tential values at upper soil layers increase up to very high values which could crack the
soil and may create preferential water flows in subsequent irrigation events. This can be
prevented by sub-surface drip irrigation. In view of overall results, it further confirms the
plausibility of DSDIRS under continuous drought stress using soil matric potential based
irrigation. Plant growth and grain yield are directly proportionate to the water stress. T2
shows the better performance, though T3 can also be used under water scarce arid condi-
tions to produce some yield. According to this experiment, optimum threshold for DSDIRS
is -150mbar. Maximum threshold matric potential yield and WP could vary for another
rice variety especially for an aerobic rice variety with inherent drought tolerant properties
which requires further research in future. These experimental results were evaluated with
APSIM-Oryza model and discussed in section 5.4.
5.4 Model-Based Evaluation
Model Calibration Results
Model calibration results in comparison with field observed data are depicted in Table
5.11. It can be clearly seen that the parameterised model satisfactorily predicts the crop
yield with a reasonable accuracy, which is within the range of -0.51% to 1.56% except the
results from 2010/11 Maha season and 2008/09 Maha season simulations. However, the
duration to reach maturity has a higher deviation in all treatments compared to the field
values.
Table 5.11: Observed and simulated crop yield and growth duration
Year/Season Observed Simulated Error Observed Simulated Error
yield yield in yield duration duration in duration
(kg/ha) (kg/ha) (%) (days) (days) (%)
2003/04/Maha 6436 6403 -0.51 97 105 7.6
2003/04/Maha 5101 5182 1.56 91 105 13.3
2008/09/Maha 5432 5088 -6.76 93 110 15.45
2009/10/Maha 4762 4701 -1.29 96 107 10.2
2010/11/Maha 4560 3947 15.5 102 111 8.8
Model Validation Results
As shown in Figure 5.22, under near saturated conditions at 0-40mbar tension W0 treat-
ment replicates show a good fit between simulated and observed values in biomass and
LAI. In Figure 5.23, biomass values show a good agreement between observed values and
simulated values but LAI simulations do not show a good fit with observed values in
treatment W1. Similar problem was observed in treatment W2 and W3 at higher soil ten-
sions. Considering the quantitative goodness of fit parameters (Table 5.12) for crop growth
variables, there is generally a good agreement between the simulated and measured values
of biomass components and LAI. The APSIM-Oryza model validation results showed a
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good fit for grain yield where, RMSEa for grain yield was around 110-271 kg/ha. Deviation
of simulation for grain yields compared to the observed was mainly associated with the abi-
otic stress. RMSEa was 1295-1857 kg/ha for total biomass, 38-208 kg/ha for leaf biomass,
68-152 kg/ha for stem biomass and 114-174 kg/ha for yellow and dead leaves. In general LAI
was not simulated correctly in all treatments except in W0. With reference to the graphs
in Appendix N between the simulated and observed values, it can be clearly seen, some
growth stages are well simulated and some are not. These variations are mainly due to the
different growth rates at each stage, which are adjustable in the calibration step. Therefore,
it is better to illustrate the model simulations graphically and statistically to evaluate the
exact variations.
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Chapter 5 Results and Discussion
Scenario Analysis
In scenario analysis, few experimental data are available on grain yield and
biomass. Therefore, only graphical presentation of results is shown Figure 5.26. When
soil matric potential was increased, the yield tends to decrease and the plant growth was
reduced.
LAI and above-ground plant biomass were decreased in scenario 3 as compared to the
scenario 1 and 2. Model simulated LAI were higher compared to the observed values in
scenarios 1 and 2. In scenario 3 model predictions in general lie within the range of measured
values. However, final biomass values lie closer to simulated values though it is difficult to
say whether there is a good fit with simulated and observed data throughout the growth
period. Similar to model validation results, LAI does not show a good fit with the observed
values. This could be due to two reasons. Model itself does not simulate LAI correctly or
LAI calculations made using PAR measurements are not accurate.
Soil moisture content variation was compared with the model simulations under scenario
analysis. This was not comparable in model validation as there was no possibility to mea-
sure soil moisture content under field conditions due to unfavourable initial weather condi-
tions. Moisture content variation at upper 10 cm in both treatments show high fluctuations
in observed values (Figure 5.27). Soil moisture content in the upper layers is strongly influ-
enced by management conditions, frequent drying and sudden evaporation of water from
the soil surface. The simulation accuracy in deeper layers was relatively better. Simulated
moisture contents at 10 cm depth in T2 does not show fluctuations with time.
In treatment T2, at depths of 20 cm, 30 cm, 40 cm and 50 cm moisture content fluctuations
are minimal. Nevertheless, in T3 at 20 cm depth, simulated values are increasing while
observed values decrease, which may due to the water leakage through the crack occurred at
the container during the experiment. Therefore, actual values do not follow the simulations.
Model simulations are closer to the observed moisture content of R2. R1 and R2 are
the two halves of the container, in which TDR probes were installed. Two container halves
show variations in soil moisture content in both treatments. This is significant in T2 and
T3 at 20 cm depth. At higher depths values of R1 and R2 show less deviations.
There are three possible causes for this deviation; first, the influence of the roots in terms
of root water intake, root depth and root mass will be different, second, in the course of the
experiment, occurred soil compaction might be different by added pores, so that different
flow paths have arisen, which in theory perhaps even have transported water from R1 to
R2 and third, the actual vertical position of the TDR probes differs theoretical instrument
depth due to different soil compaction and settlement processes. However, third effect is
completely removed, as there was an excavation after harvesting and the actual depths of
installed TDR probes were examined.
Therefore, the main difference could lie either in the root growth variation with respect to
radiation received by the plants, so that evapotranspiration and root growth were affected,
or preferential flows occurred towards the R2. In T3, there was a crack in one side of the
container, so that soil moisture content could be affected.
To investigate what has happened exactly all plant roots were separately uprooted and
analysed for root traits.
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Figure 5.27: Moisture content variation in treatments T2 and T3. Simulated values are shown in red
colour, R1 is in blue colour and R2 is in black colour, which are two container halves.
Volumetric water content is shown in y-axis as a fraction
5.5 Characterisation of Root Growth under Drought Stress
Summary of Crop Model Simulations
In general, there is a good agreement between the observed and simulated biomass in model
validation and in the scenario analysis. According to the model simulations, there is a low
development rate during juvenile period in container experiment-2015, compared to the
field experiment.
LAI simulations in calibration under 0-40mbar shows a good fit and all other treatments
has either under/over estimation, which is common for all treatments in the validation
experiment. This could be either due to measurement errors in LAI in container experiment-
2015 or errors in model simulation codes related to LAI, which needs to be revised.
During the model calibration process, only a limited number of parameters were mod-
ified to accurately simulate the performance of different irrigation treatments. The model
simulation results demonstrate that the calibrated model satisfactorily simulates the dy-
namics of rice phenology, biomass accumulation and grain yield for both flooded and deficit
irrigated conditions.
Soil moisture contents at deeper soil layers of treatments T2 and T3 of the container
experiment-2015 had a good agreement between the simulated and calculated values.
5.5 Characterisation of Root Growth under Drought Stress
Root Morphology
Figure 5.28: Morphology of roots at different growth stages in field experiment-2013. A scale of 1 cm is
shown as a reference in each picture.
Figure 5.28 and Figure 5.29 show the variation in root morphology with drought stress
throughout the season. Though there are no significant changes visible in the images of
Figure 5.28 from field experiment-2013, differences were observed in other experiments and
measurements. Root diameter has changed in deeper layers and maximum root length and
vigorous adventitious surface rooting and branching has increased with the drought stress
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Figure 5.29: Morphological differences of roots in laboratory experiment-2014.
in laboratory experiment-2014. In flooded treatment, large diameter roots were observed
and they were densed at the base of the plant at upper 10-15 cm. W0 is flooded and W4 is
the driest treatment. This could be useful in improving N and water uptake efficiencies.
Root Growth and Maximum Root Length Variation
Figure 5.30: Root growth variation in field experiment-2013
Root growth was measured weekly in field experiment-2013, but in other experiments
only after harvesting. Root growth rates had no significant differences within the treatments
and among treatments hence no variation in maximum root length in field experiment
(Figure 5.30). Nevertheless, slight increase in maximum root length with drought stress
was observed in all other experiments (Figure 5.31).
There are no huge differences in the root growth among the replicates and between
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treatments. Root growth was dense at surface and less in higher depths. The reason behind
is, irrigation was applied from the top and roots does not need to grow deeper in the
search of water, because if water is not limited in upper layers of the soil, the plant may
not benefit from the formation of deep roots. If irrigation is provided from the bottom,
or only ground water is used in cultivation there might be considerable differences in
root growth. Maximum root length is around 18 cm which is typical for Bg300 grown
under flooded conditions. In other experiments root growth was not measured periodically
due to limitation in number of samples. Therefore, maximum root length was recorded at
harvesting.
Figure 5.31: Variation in maximum root length (in cm) with drought stress in different experiments
Highest maximum root length value observed in pot experiment-2014 and container
experiment-2015 is 30.2 cm and 32 cm respectively. Maximum root length has an increasing
tendency with the drought stress in all experiments except in field experiment. The max-
imum depth that roots reach is genetically determined and differs substantially between
cultivars grown under identical conditions, but at the same time is affected by environ-
mental conditions in the field (Yoshida et al., 1982). Maximum root depth of a particular
genotype is achieved only when roots do not encounter a physical limit to growth (Gowda
et al., 2011; Yoshida et al., 1982). Chang et al. (2008) found that rice with a deep root
system avoided drought better than rice with a shallow root system. Advantages conferred
by a deep root system depend on three major factors: duration of the drought period,
availability of water at depth and rate of water uptake (Gowda et al., 2011).
Variation in Root Dry Weights
The root dry weights were compared in all treatments and these are shown in Fig-
ure 5.32. Though maximum root length is increasing with the drought stress, dry weight
of roots is decreasing with drought stress. This is clear, as shown in photos of the roots,
the production of lateral roots and branching is high under drought. Also, the diameter
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of roots is decreasing at the deep layers. Therefore, despite of increase in maximum root
length, dry biomass tends to decrease with drought. Root dry weight has decreased with
increasing drought stress indicating more small roots are produced to overcome stress
and absorb more water. Flooded treatments show high root dry weights, because of large
diameter of roots, hence the high biomass.
Figure 5.32: Variation in root dry weights. Values are shown in g
Variation in Root/Shoot Ratio at Maturity
Root biomass was measured weekly in field experiment by destructive sampling and in
all other experiments only after harvesting. Root to shoot (R/S) ratio is a measure of the
allocation of resources between different plant components. This ratio may vary depending
on cultivation system, genetic variation and growth stage. The allocation of resources
towards the root is high at early vegetative stages but decreases markedly at flowering
and is almost negligible after anthesis (Gregory et al., 1997). Under upland or aerobic
conditions R/S ratio is high compared to flooded conditions due to mechanical impedance
in lowland conditions, which typically feature a hard-pan from soil puddling (Gowda et
al., 2011). However, this is not true for the experimental results. This could be because
there was no hard-pan available in none of those experiments and hence no mechanical
impedance for root growth. Also shoot biomass decreasing trend with drought stress and
the diameter of roots produced at deeper layers is less. Therefore, both root and shoot
biomass decrease under aerobic conditions and the ratio of R/S also decreases at maturity
(Figure 5.33).
Total Root Length under Drought Stress
Total root length was highest in T1 in both methods (Table 5.13). Both methods show
similar pattern of changes with increasing drought stress, i.e. decrease in large diameter
roots and increase in small diameter roots from T1 towards T3. But the values are not
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Figure 5.33: Root to shoot ratio at maturity
similar or in a similar range in both methods. Substantial differences are observed in both
methods for both diameter classes.
Table 5.13: Comparison of total root lengths from Newman method and ImageJ
Method Diameter class T1 (mm) T2 (mm) T3 (mm)
Newman Method ≥1 mm 988120 475770 447720
ImageJ ≥ mm 1040389 523369 512655
Newman Method <1mm 171690 254310 388490
ImageJ <1mm 182050 210540 368860
Newman Method Totals 1159810 730080 836210
ImageJ Totals 1222439 733909 881515
As per the results, total root length and the roots with large diameters are high in
T1. Small diameter roots are higher in dry treatments indicting more branching in roots
to absorb more water from soil. In the field, rice roots grow and extend vertically and
laterally. Some shallow-rooted, high-tillering varieties has a very high root density around
the plant base but the root growth, both vertically and laterally, is limited. On the other
hand, deep-rooted, low-tillering varieties has a well-spaced lateral root distribution and its
roots penetrate deeper. Such differences may in part account for the differences in drought
resistance between varieties (Yoshida, 1981). Lateral roots generally have a large effect on
overall plant architecture and play key roles in water uptake particularly under drought
conditions (Gowda et al., 2011).
Since there was a difference in water content in TDRmeasurements made at two container
halves; R1 and R2, it was suspected whether there is a variation in root growth within
the treatment. Therefore, total root length and length with respect to above diameters of
all plants in each container half were calculated separately for both T2 and T3. Values
show that there is a variation in root growth of plants in each container half in both
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treatments. Higher total root length and a higher fraction of large diameter roots were
observed at R2 container half of both treatments. Therefore, the variation in soil moisture
content at two container halves may be due to preferential water paths created by root
growth, else there was an effect from a small inclination on the floor towards R1 container
half because this difference is shown in both containers.
A range of trends have been reported regarding the root growth response to drought stress
in upland rice, including both root growth inhibition and root growth promotion in drought
stress treatments. Kato et al. (2006) have reviewed the effects of various water regimes on
deep root growth and biomass partitioning to roots in upland rice. The authors concluded
that while many studies report an increase in R/S ratio and deep root growth in response
to drought, conditions as timing of the drought at seedling stage, very severe drought stress
and presence of hard pans have reduced resource partitioning to roots. Conclusions about
drought effects on root growth may also differ because root mass and root length can show
opposite trends, especially when root diameter decreases because of drought, resulting in
greater length but less mass.
Yoshida and Hasegawa (1982) reviewed rice root systems and their relationship to drought
resistance and noticed large variation among upland rice cultivars for root length density
below 30 cm and suggested that the effect of drought stress depends on the ability of plants
to develop a deep root system. The ability to grow deep roots is currently the most accepted
target trait for improving drought resistance, but genetic variation has been reported for
a number of traits that may affect drought response (Gowda et al., 2011). Therefore,
improving root system with deep root and high water uptake ability would be the key
to developing rice varieties suitable for water-saving farming system (Wu and Cheng, 2014).
Summary of Root Growth Study
Root growth did not show significant variation among the treatments in field experi-
ment. Other root traits such as maximum root length has an increasing trend with the
increased soil matric potential in all treatments. Variation in root dry weight showed a
decreasing trend with the increasing soil matric potential hence R/S ratio had similar
variations.
As per the results, for wet regimes roots were concentrated at base and had greater
horizontal development, whereas in dry regimes, they had a more vertical distribu-
tion. Concerning maximum root length, there was no significant difference within the
treatments. But there is an increasing trend in length variation with drought stress in
all treatments. One reason for not showing significant increasing trend in root length with
drought might be that irrigation was supplied from the surface. Therefore, root density is
always high at upper soil layers. If irrigation was supplied either from sub-surface or below
root zone as a capillary rise, root growth would be different.
Total root length which is the summation of all individual roots was highest in flooded
treatment. The detailed analysis of roots with respect to diameter was performed to
evaluate whether the root growth is hindered under drought conditions. A higher fraction
of small diameter roots were observed in dry treatments and a higher fraction of large di-
ameter roots were observed in flooded treatment. Potential to grow deep roots is currently
the most accepted target trait hence, a trait-based approach with precise understanding of
the environment and temporal and spatial heterogeneity, is a possible path for improved
drought-resistant rice production.
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5.6 Summary of Experimental Results
This research presents an improved irrigation management strategy to increase grain yield
and crop WP of direct seeded, deficit irrigated rice systems under continuous drought
stress. Summary of the important experimental results, contribution of the study to an-
swer research questions, limitations of individual experiments and transferability of the
experimental design are discussed below.
Grain Yield, Water Productivity and Water Savings
The main objective of this study was to investigate the combined effect of direct seeding
and continuous drought stress on grain yield and WP of rice. Experimental and model
simulation results confirm that this is a feasible technique for rice which positively affect
the grain yield and WP. On sandy soils, lowland rice cultivar, Bg300 can reach 6-6.67 t/ha
yield, increase in WP up to 1.05-1.10 kg/m3, with a total water input ranging from 568-
608mm saving 44% of irrigation water at 0-40mbar tension without ponding (Table 5.14
and Table 5.15). Under flooded conditions with 3 cm ponding water depth, grain yield can
reach 4.93-5.49 t/ha, with WPI of 0.81-1.08 kg/m3 and water input of 506-603mm, saving
50% irrigation water. Though irrigation water savings are comparable with the treatment
under 0-40mbar tension, yield is lower in flooded treatment.
Although growth and yield attributes are negatively correlated with soil moisture stress,
optimum threshold soil matric potential was -150mbar with a considerably good yield com-
pared to the reference value. Yields obtained at 200-300mbar tension under pot experiment-
2014 and at 120-160mbar tension under field experiment-2013 and plant house experiment-
2013 conditions are comparable. Under controlled environments at 300mbar tension, irri-
gation amount and yield have decreased by 58-60% and 33-40% respectively. At maximum
threshold level of 400-500mbar tension, yield of 2.74 t/ha was achievable with 352mm wa-
ter input saving 66% of irrigation water which is comparable to the yield of Bg300 under
rainfall in dry zone of Sri Lanka.
In general, WPI in all treatments has increased compared to the reference values. WPI
has a decreasing trend with increasing drought stress because of reduction in both yield
and irrigation water consumption in individual experiments (Table 5.15). Comparing all
irrigation methods used, drip irrigation is most efficient in water saving. Sprinkler irrigation
had more water losses due to wind and evaporation under high temperatures. This is one
reason for getting less water savings under saturated conditions in field experiment com-
pared to the flooded treatment in container experiment-2015 and in pot experiment-2014
(Table 5.15). 1000-grain weight which is a stable and crop variety specific value, is affected
by the drought at grain filling stage resulting spikelet sterility and the fraction of filled
grains.
Plant Growth
Total plant growth duration has no significant difference among field experiment-2013 and
plant house experiment-2013. However, the duration has increased as a delay in vegeta-
tive and reproductive periods under artificial lighting conditions (Table 5.16). Maximum
tiller count is not achieved in field experiment-2013 and plant house experiment-2013. In
container experiment-2015, this value has reached even beyond the maximum reference,
indicating favourable growing conditions for tiller production. None of the experiments has
gained maximum LAI of Bg300 recorded under flooded field conditions. This is understand-
able for latter two experiments as the artificial radiation was low compared to the solar
radiation under field conditions.
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Chapter 5 Results and Discussion
When soil moisture stress increases, leaf rolling occurs and effective light intercepting
is reduced. Hence photosynthesis and consequently the LAI are affected. Other growth
parameters such as plant height and HI are decreased with drought.
Root Growth
In general, for wet regimes roots were concentrated at base and had greater horizontal
development, whereas in dry regimes, they had a more vertical distribution. Concerning
maximum root length, there was no significant difference within the treatments. But there
is an increasing trend in length variation with drought stress in all treatments (Table 5.17).
One reason for not showing significant increasing trend in root length with drought might
be that irrigation was supplied from the surface. Therefore, root density is always high at
upper soil layers. If irrigation was supplied either from sub-surface or below root zone as a
capillary rise, root growth would be different. Total root length which is the summation of
all individual roots was highest in flooded treatment. The detailed analysis of roots with
respect to diameter was performed to evaluate whether the root growth is hindered under
drought conditions. A higher fraction of small diameter (<1mm) roots were observed in
dry treatments and a higher fraction of large diameter (>1mm) roots were observed in
flooded treatment.
Early reports on drought and roots generalized the idea that rice has shallow root
growth and improvement for drought should emphasize deep, coarse root growth. Many
rice genotypes have the potential for deep root growth, but this is strongly controlled by
the environment i.e., the presence of hard pans, severity of the drought stress etc.
Model Simulations
In general, APSIM-Oryza simulations for biomass had a good fit with the observed value
in validation and in scenario analysis. LAI simulations had no good fit with observations
under dry conditions. This could be either due to measurement errors in LAI in container
experiment-2015 or errors in model simulation codes related to LAI, which needs to be
revised.
As radiation heterogeneity in greenhouses is crucial for crop transpiration and photo-
synthesis and its effect on yields shows the need of crop growth model adaptations to such
specific conditions (Baxevanou et al., 2010; Wang and Boulard, 2000). However, model
predictions in container experiment-2015 showed a good agreement with the observed
values, assuming the crop growth model cannot represent the changes in morphology and
physiology of crops grown under controlled environmental conditions. Soil moisture content
at deeper soil layers of treatments T2 and T3 of the container experiment-2015 had a good
agreement between the simulated and calculated values.
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Limitations of the Study
Usually experimental results are simulated through crop models and the model results are
used in a subsequent experiment in the field. However, this was not possible in this study
due to shortcomings faced at each experiment. This is a major limitation of this study. In
field experiment-2013, initiation of irrigation treatments was delayed due to unfavourable
weather conditions prevailed at the beginning, hence drought stress effects at the vegetative
period were not well evaluated.
Irrigation management was difficult at the field as sprinkler irrigation was not efficient due
to losses caused by wind and evaporation at high temperatures. The trial and error method
of irrigation was not practicable in maintaining the expected soil matric potential value
thresholds. Apart from that, the variation of plant growth and yield in each experimental
block, which might be due to seepage or capillary effect combined with soil heterogeneity
were not included in the calculations.
Very close threshold matric potential value ranges (difference between the maximum and
minimum range of matric potential values) were used as the treatments in the preliminary
experiments. Therefore, the effects from drought stress was not evaluated and maximum
threshold value could not be recognized. Nevertheless, this problem was overcome in latter
experiments.
In the latter two experiments, geographical location and climate were changed. Hetero-
geneity in radiation interception was not totally avoided by reflection effect from Aluminium
foil in pot experiment-2014. This was reflected in the experimental results, including plant
growth and ET data. This effect was minimum in container experiment-2015.
Minor problems were encountered in the container experiment-2015. At the beginning,
irrigation system was not functioning properly, hence the plants in treatment T3 were
not irrigated few times. Later on, there was a crack in the container during plant growth
and some amount of water has been drained out of the container which is a loss for
the plants. Time to time, weighing balances and tensiometers were not functioning prop-
erly. Therefore, most tensiometer data could not be used.
Transferability of DSDIRS and Future Improvements
This is a future base study for the precision rice farming and many modifications are
necessary despite the current limitations of the study. DSDIRS is a feasible solution with
high water savings because continuous drought stress allows the plant to adopt to the
stress gradually compared to the RDI and hence plant growth and yield losses are less
affected. Under RDI, drought stress level changes at different growth stages within a short
period of time. Therefore, the plant has less time to adopt to these changes, so yield losses
are high depending on the growth stages where stress occurs.
DSDIRS advances the crop establishments and shortens the land preparation period
compared to the wet land preparation. These lead to a significant reduction in evaporation,
seepage and percolation losses and the amount of irrigation during land preparation. Early
crop establishment helps to use early rainfall more effectively during crop growth period
and the reduction in irrigation water is compensated by rainfall. On the other hand, short
duration varieties can be used and thereby more cropping seasons per year is achieved.
Transferability of the above tailor-made experimental design is of primary importance
in the real field application. Long term evaluation of WP and irrigation water savings,
identification of appropriate threshold matric potentials for increased WP of rice variety
used and evaluation of physiological/morphological responses of rice variety used under
continuous drought stress are important. This can be achieved by crop model simulations
under different soil management practices, different climates and through climate change
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scenario analysis. In the second step, model output can be applied in a pilot scale study
under real field conditions (Figure 5.34). Long term irrigation scheduling based on the novel
approach could then be transferred to the local farming community through decisions made
by revised agriculture policies and agricultural extension services.
As shown in Figure 5.34, in the field level application of DSDIRS, a higher seeding
rate is appropriate. It would produce a higher plant population density and a higher LAI
at crop establishment. Thereby canopy interception accelerates and promotes the biomass
production. Type of irrigation, irrigation interval and depth of irrigation which depends
on the soil type and maximum soil matric potential threshold level can be decided by
farmers with the help of agricultural officers based on climate and soil in the area. Accurate
estimation of the depth of irrigation is possible with a good soil moisture characteristic
curve. Soil physical properties of the entire agricultural soils can be characterized and
embedded as layers in a map which is freely accessible. It makes it easier for the farmers
to locate their field and get the soil characteristics when necessary.
Cost benefit analysis under pilot and field scale should be carried out, accounting socio-
economic aspects. Flexibility of farmers to adopt from lowland rice cultivation practice to
DSDIRS requires time. The resilience and effectiveness of DSDIRS under climate change
should be further studied to have a climate resilience irrigation system. To improve the
resilience, the role of stakeholders especially the government is a must. Credit facilities,
insurance systems, incentives paid on saved unit amounts of irrigation water, introduction
of low cost drip irrigation systems can be used as inducements for the farmers who are
willing to change to the new system. If no irrigation water pricing is implemented, this could
be gradually introduced to the farmers via an incentive system (who saves more water by
adopting system are benefited by the government). It is also vital to address the resilience
issues at individual farmer, community and irrigation organisation levels. For mitigation
and adaptation objectives, drip irrigation performs best. From an economic perspective,
channel lining is suggested. Therefore, a balanced development of channel lining and micro-
irrigation according to different geographical conditions is recommended.
Fertiliser applications should be revised based on novel irrigation strategy, unless other-
wise, split application or site-specific methods should be adopted accordingly. According to
McDonald et al. (2006) productivity in direct seeded rice systems approaches transplanted
rice systems when N-fertiliser is supplied at high rates. Therefore, fertiliser application data
and other management practices (weed management, mulching, pests and disease man-
agement) for DSDIRS must be revised/recommended based on experimental and model
simulation results.
Weed problem in DSDIRS can be avoided by mulching-natural or if possible, with ar-
tificial covers, which on the other hand, reduces soil water evaporation and improves the
system productivity. Inter-cropping with other legumes and cereal crops such as sorghum
can be used in weed management under DSDIRS (Farooq et al., 2017). Furthermore, crop
rotation can be introduced into the DSDIRS as a conservation agriculture, thereby soil
erosion, weed competition and soil compaction are minimized achieving high water sav-
ings. Mechanization under DSDIRS in large scale saves high amount of labour. An effective
and affordable method of land levelling, which is crucial for good crop establishment of
direct-seeded rice need to be developed.
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Chapter 5 Results and Discussion
Spatial variability of the matric potential values should be taken into consideration in this
type of studies. In the field experiment only three tensiometers were installed within 35m2
area. These random locations might show a variability in matric potential value. Correct
positioning of the tensiometers and or TDR probes is a primary importance to represent
the root zone and rooting depth depending on soil type, wetting pattern of different soil
types. According to the research experiments, 20 cm is a suitable depth for rice plants.
Developing research on qualitative and quantitative plant water stress indices to enable
farmers to have warnings concerning the water status of their crops is important in real
world application of this method. For instance, fabricating a tensiometer with some colour
codes to show soil water status and when to irrigate, training farmers to use soil water
potential devices, development of an irrigation scheduling software based on crop model
predicted water stress or a mobile application are feasible to transfer the knowledge to
locals and farmers.
A device to visually indicate current the soil water status relative to an upper and lower
set point was developed and field tested by King et al. (2001). The device can be used by
farm managers to easily evaluate current soil water status from a distance. It is also possible
to monitor the drought continuously, else some soil moisture deficit indices or best would
be to develop plant water deficit indices to monitor the drought and schedule irrigation
accordingly. Soil moisture is measurable indirectly using different indices (Sandholt et al.,
2002; Yang et al., 2017) such as Crop Water Stress Index (CWSI), Water Deficit Index
(WDI), Temperature-Vegetation Dryness Index (TVDI) and Modified Soil Water Deficit
Index (MSWDI). Active and passive microwave remote sensing is used to observe soil
moisture at global and regional scales (Lakshmi, 2013) while Cosmos sensors are useful
at the farm level soil moisture measurements (Coopersmith et al., 2014). Estimating plant
water deficit index, based on root-weighted soil water status is the most recent approach
verified to be more reliable than basing it on an arithmetic average under various soil,
plant, climate and irrigation conditions (Wu et al., 2017).
On the other hand, efficient rainwater management to increase groundwater recharge to
get higher water productivities can be achieved through community participation, rainwater
management, rainwater harvesting techniques and other capacity building among farmer
communities. Another main advantage of direct seeding is, that it reduces the greenhouse
gas emissions compared to the flooded rice production (Kumar et al., 2016). It is important
to evaluate the greenhouse gas emissions, combined effect of elevated CO2 and drought
stress on DSDIRS as the climate change effects are important in future rice production. CO2
fertilization, a solution for global warming could be included in future experiments.
It is imperative to investigate the sustainability of DSDIRS via long-term experiments
and modelling efforts to determine to what extent it can contribute to the permanent
reduction of irrigation water use. The results of the study were highly encouraging and
suggest that by employing a calibrated crop growth model combined with an optimization
algorithm can lead to achieve maximum water use efficiency. Despite extensive studies, there
is a strong need for detailed characterization of the response and acclimation mechanism
of rice under drought that is occurring in farmers’ fields. Crop response at higher matric
potential thresholds under DSDIRS may have different effects on yield and WP which is
a subject of future research. It is essential to integrate crop physiology, molecular genetics,
breeding approaches to dissect drought tolerance traits and develop the next generation
crops which can withstand the adverse climate to ensure food security.
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Tailor-made experimental design implemented to investigate the combined effect of direct
seeding and continuous drought stress on WP and yield of rice was the focus of the re-
search. Other objectives were to develop improved irrigation management techniques for
DSDIRS and to validate and evaluate the crop growth model APSIM-Oryza under DSDIRS.
Soil matric potential based irrigation scheduling was used in all experiments. Considering
all experiments, soil matric potential based irrigation management could positively affect
the grain yield and WPI. DSDIRS is possible at the expense of yield at high soil matric
potential threshold levels despite the increased yields and WP under low threshold levels
compared to the flooded rice cultivation.
Maximum matric potential threshold level for optimum grain yield is not conclusive
due to the varying experimental results under different conditions. Nonetheless, optimum
threshold soil matric potential of -150mbar and the maximum threshold of 400-500mbar are
possible to get a better yield compared to the reference yield under flooded field conditions.
Lowland rice cultivar, Bg300 performed well under DSDIRS, hence is applicable for
flooded rice cultivation with reduced ponding water depth of 3 cm. Other positive aspect
is that under aerobic conditions, yield reaches beyond the potential values. This irrigation
strategy performed generally well under field and laboratory conditions in terms of grain
yield and WP.
Increase in drought stress has impacts on plant and root growth. Plant height, maximum
tiller count, number of green leaves, LAI, HI, grain weight and some root characteristics
decrease with the increased drought stress. Flowering is delayed as a mechanism to escape
drought stress. Total growth duration is affected by drought stress under DSDIRS when
there is a significant change in climate factors such as low radiation interception.
The APSIM-Oryza was successfully calibrated and validated for the experimental site
and field experiment-2013. Scenario analysis shows a good fit with the observed data in
container experiment-2015 for biomass. The model was able to capture the major effects of
water on crop functions that included growth, biomass and yield, but under/overestimated
LAI of dry treatments. Notwithstanding these minor limitations, APSIM-Oryza can be used
to test and develop sustainable DSDIRS to promote environmentally-friendly agricultural
practices under water scarcity and climate change.
This method in future, should be evaluated for different soils, climate scenarios and
rice cultivars. Use of a suitable aerobic rice variety with high yield potential will increase
yield and WP under similar drought conditions. These experiments allowed to identify
the potential limitation of the difficulty of achieving intended thresholds in production
conditions under manual irrigation.
Fertiliser absorption under dry soil conditions is reduced especially with solid fertiliser
applications. Also, basal application at the time of seed establishment should either be a
split application or applied in very small amount, due to the absence of roots to assimilate
these nutrients and weeds get proliferation due to this basal fertilization. Therefore, fertiliser
management in DSDIRS should be studied in detail and local recommendations should be
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revised. Radiation provided under artificial lighting was not sufficient for the plant growth,
but it is plausible to grow rice under low radiation combined with optimum management
conditions to get a better yield. Growth performance under artificial lighting is an important
study in future research for broader use of the DSDIRS under different climatic conditions.
Compared to the other methods, drip irrigation-based WP is highest as it provides the
most control over water management though expensive to install. However, WP under
saline conditions need to consider the leaching requirements to maintain the soil salinity
at acceptable levels depending on the crop tolerance to salinity. Either saline water can be
mixed with better quality water or it can be applied to the plants intermittently depending
on crop sensitivity during growth.
If a sensor-based irrigation strategy is applied i.e. irrigation takes place if a certain
threshold soil matric potential is reached, optimal positioning of the sensor must be deter-
mined. This sensor should be located where the highest root density and water uptake can
be found during the growth. A sensor installed at a lower soil depth to study the rooting
depths and sensors installed shifted from main axis of irrigation to evaluate the lateral
water distribution and root growth are possible solutions.
In its practical application, conversion of soil matric potentials to relevant soil moisture
contents would be more applicable. Model optimized results can also be transferred to dif-
ferent other indicators, micro controllers or digital applications which are more practicable.
Simulation-based-optimization of irrigation scheduling and control to gain maximum
profits is important in the application under different climates and soils. The approach can
be further adapted to different crop types.
Accounting of crop water demand due to climate change is important in model scaling up
from field to regional level. Farmer field survey, which can be integrated into crop growth
modelling and in irrigation optimization would be an asset for further improvements of
DSDIRS. The impact of DSDIRS on water-use efficiency, when practiced over the entire
irrigation system, which compare water requirements and productivity for direct-seeded
and transplanted rice under different physical and socioeconomic conditions has yet to be
determined. It is necessary to better understand where and how DSDIRS can be established
widely and sustained within major rice irrigation schemes.
Soil matric potential based irrigation in DSDIRS has advantageous over flooded irriga-
tion in terms of higher yield, WP and irrigation water savings. The concept of DSDIRS
holds promise for farmers that do not have access to enough water to grow flooded low-
land rice. Combination of simulation-optimization with an appropriate crop growth model
reduces the experimental expenses and time, allowing systematic investigations of DSDIRS
and its successful implementation DSDIRS may serve as a guide for policymakers to pri-
oritize adaptation strategies and to better target efforts and investments in future rice
production.
Integrated salt and drought stress, heat and drought stress can be combined to evaluate
plant tolerance of DSDIRS in the long run under field conditions. Additional challenges that
could come with the transition from fully flooded rice cultivation to water saving irrigation
technologies, need greater emphasis to ensure minimum damage under future warmer and
drier climates. To overcome this problem, rice cultivars with enhanced tolerance might be
the solution in near future.
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Appendix A: growth stages of a rice plant (source: adapted from IRRI, 2018)
Stage 0: Germination to emergence
After pre-germination, the radicle and plumule protrude through the hull. On second or
third day after seeding first leaf breaks through the coleoptile. The end of the stage 0
shows the emerged primary leaf still curled and an elongated radicle.
Stage 1: Seedling
This stage starts right after the emergence until the first tiller appears. During this stage,
seminal roots and up to five leaves develop. As the seedling continues to grow, two more
leaves develop. Usually leaves develop at a rate of 1 in every 3-4 days. Also, the secondary
adventitious roots that form the fibrous root system rapidly replace the temporary radicle
and seminal roots.
Stage 2: Tillering
Extends from the appearance of first tiller until it reaches maximum number of
tillers. Tillers emerge from the axillary bud of the nodes and displace the leaf as they
grow and develops. After emerging, primary tillers give rice to secondary tillers. Plant ac-
tively produces tillers at this stage and the leaf canopy increases at a higher rate. Tertiary
tillers arise from secondary tillers and it is difficult to differentiate main stem from tillers.
Stage 3: Stem elongation
This stage either may begin before panicle initiation of occur during the latter part of
the tillering stage. Therefore, there is an overlap in stages 2 and 3. Stem elongation varies
with the varieties. Longer duration varieties show more stem elongation than that of short
duration varieties.
Stage 4: Panicle initiation to booting
The initiation of panicle primordium at the tip of the growing shoots marks the start
of the reproductive stage. It is visible to the naked eye 10 days after the initiation. As
the panicle continues to develop, spikelets become distinguishable. When young panicle
increases in size and its upward extension inside the flag leaf sheath causes the leaf sheath
to bulge. This bulging of the flag leaf sheath is called booting. Booting is mostly likely to
occur first in the main culm. At booting aging and dying of leaves and non-bearing tillers
are noticeable at the base of the plant.
Stage 5: Heading
Heading is marked by the emergence of the panicle tip from the flag leaf sheath. The
panicle continues to emerge until it partially or completely protrudes from the sheath.
Stage 6: Flowering
Begins when anthers protrude from the spikelets and then fertilization take place. At
flowering, the florets open, the anthers protrude from the flower glumes because of stamen
elongation and then pollen is shed. The florets then close. The pollen falls on the pistil,
thereby fertilizing the egg. The pistil is the feathery structure through which the pollen
tube of the germinating pollen will extend into the ovary. The flowering process continues
until most of the spikelets in the panicle are in bloom. Generally, the florets open in the
morning. It takes about 7 days for all spikelets in a panicle to open.
Stage 7: Milk grain
The grain starts to fill with a white, milky liquid, which can be squeezed out by pressing
the grain between the fingers. The panicle looks green and starts to bend. Senescence at
the base of the tillers is progressing. The flag leaves and the two lower leaves are green.
Stage 8: Dough grain
Milky portion of the grain first turns into a soft dough and later into a hard dough. The
grains in the panicle begin to change from green to yellow. Senescence of tillers and leaves
is noticeable. The field starts to look yellowish. As the panicle turns yellow, the last two
remaining leaves of each tiller begin to dry at the tips.
Stage 9: Mature grain
The individual grain is mature, fully developed, hard and has turned yellow. 90-100%
of the filled grains have turned yellow and hard. The upper leaves are drying rapidly. A
considerable amount of dead leaves accumulates at the base of the plant.
Appendix B: fabrication of ceramic capsule tensiometers
Tensiometer cups were soaked overnight in water before installation and checked for the
air leaks by applying an air pressure of 1000mbar into the tensiometers while it is under
water. Good quality non-leaking tensiometers were selected and calibrated.
Digital tensiometers were installed at a depth of 20 cm in a soil container with ceramic
tensiometers as a pair 5 cm apart.
Soil was packed several times by filling and packing until the soil bulk density approximated
that used in the field ensuring a good contact between the ceramic capsule and the soil in
the container.
Then the container was saturated with tap water. Container was let stand overnight to
equilibrate with the soil. Following days, tension values and relevant mercury manometer
heights were recorded up to a tension of 200mbar.
Ceramic capsules were inserted at required depths and covered with the soil from the same
soil horizon ensuring a proper contact between the soil and the ceramic cup. Tip of each
tube was attached to a glass tube dipped in a mercury reservoir.
As the soil around the ceramic cup dries water flows from the ceramic cup to the soil
resulting a rise in the manometer tube. This rise can be measured as the soil matric
potential. Air trapped in the tensiometers capsules were removed by filing them with
de-aerated water using a syringe.
Matric potential (Ψm) in mbar was calculated with equation:
Ψm = (−12.6h1 + h2 + h3)0.981
h1-Hg level in manometer tube
h2-height from the surface of mercury reservoir to the soil surface
h3-depth from soil surface to the centre of the ceramic capsule inserted in the soil.
Appendix C: crop characteristics of Bg300
Crop Character Value Crop Character Value
Potential yield (t/ha) 6-7 Culm length (cm) 86-90.5
Yala season (t/ha) 5.23 Grain length (mm) 8.0-9.0
Maha season (t/ha) 4.22 Grain width (mm) 2.9-3.0
Growth duration (days) 90-100 1000-grain weight (g) 26.2-26.8
Yala season (days) 98 Grain type Intermediate bold
Maha season (days) 96 Reaction to diseases Blast, Bacterial Leaf blight
Growth rate (mg/g/day) 181 Reaction to insect pests Gall Midge, Brown plant hopper
Maximum LAI 5-6 Net assimilation rate (g/m2/day) 15.9
# Tillers/plant 6-8 Germination percentage (%) 88
# Spikelets/panicle 88 Seed viability (%) 90
# Panicles per plant 6-8 Shattering percentage (%) 0
# Seeds per panicle 82 Filled grain (%) 84-85
Appendix D: seed quality tests
Moisture content
Three samples of 100 g paddy seed samples were weighed and oven dried for a period of 24
hours at a temperature of 105°C. Difference between initial and final weight of the sample
was taken as the moisture content of each sample at storage. Average was 12.5%.
Inert material content
Particles other than the rice seeds are known as inert material (other weed seeds and plant
parts etc.). In seed sample use in experiment had 0.01% of inert material (99.9% varietal
purity).
Germination test
100 seeds were randomly selected from the seed sample and placed in a tray with moist
paper tissues to germinate. The seeds were kept moist throughout and after 5 days and
in 10 days the number of germinated seeds were counted. Average of 5-day and 10-day
germination was calculated as the germination percentage of the seeds for three sub
samples. Average germination percentage was 85% in the selected seed sample.
Dimensions of the seeds
The dimensions of the seeds were measured using a vernier calliper and a micro meter. Five
seed samples each consisting of 20 seeds. Average grain length was 8.3mm and width was
2.98mm.
Appendix E: fertiliser applications
Type of application Amount (kg/ac)
Urea TSP MOP ZnSO4
Basal application 5 45 15 2
1st top Dressing (2WAS/5WAP) * 50
2nd top dressing (6WAS/5WAP) * 70 20
Local fertiliser recommendation (2001) by DOA, Sri Lanka.
Type of application Applied amounts [g per whole field)
Urea TSP MOP ZnSO4
Basal Application 519 4670 1556 0*
1st top dressing (2WAS) 5189
2nd top dressing
1st split (6WAS) 3111 777
2nd split (7WAS) 3111 777
Additional applications (8WAS) 3111 777
Additional applications (9WAS) 65
Fertiliser application amounts in field experiment 2013.
Type of application Applied amounts (g per pipe)
Urea TSP MOP ZnSO4
Basal Application 0.08 0.19 0.06 0.01
1st top dressing (2WAS) 0.21
2nd top dressing (6WAS) 0.29 0.08
Fertiliser application amounts in plant house experiment 2013.
Type of application Applied amounts (g per pot)
Urea TSP MOP ZnSO4
Basal application 0.09 0.79 0.26 0*
1st top dressing (2WAS) 0.87
2nd top dressing (6WAS) 1.22 0.35
Fertiliser application amounts in pot experiment 2014.
Type of application Applied amounts (g per container)
Urea TSP MOP ZnSO4
Basal Application 0.64 5.75 2.07 0*
1st top dressing (2WAS) 6.40
Additional applications (2WAS) 6.40
Additional applications (3WAS) 3.20
Additional applications (4WAS) 3.20
2nd top dressing (6WAS) 8.96 3.00
Additional applications (9WAS) 0 3.00
Additional applications (10WAS) 0 3.00
Fertiliser application amounts in container experiment 2015.
*not available to apply
Appendix F 1: leaf rolling scores of field experiment-2013
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Appendix F 2: leaf rolling scores of pot experiment-2013
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Appendix G: SPAD value variation in experiments. X-axis is shown in DAS
and y-axis is shown in SPAD units.
Appendix H: additional photos from field experiment-2013
Appendix I: grain size analysis of soil
Grain size analysis of soil in the field experiment-2013
Grain size analysis of soil in the pot experiment-2014
Appendix J: saturated hydraulic conductivity measurements before and after
season-pot experiment 2014. Blue colour refers to the before season value and
grey colour refers to the after season value.
Appendix K: radiation (in MJm-2d-1) change with time in pot experi-
ment 2014. Values are shown with respect to DAS.
Appendix L 1: BBCH codes of the container experiment-2015
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AppendixL2: BBCHcodeidentiﬁcationkeys.Diﬀerentgrowthstages with
respecttoBBCHcodesandtheexplanationsareshowninﬁguresandtables.
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Rice Lancashire et al., 1991
Phenological growth stages and BBCH-identification keys of rice 
(Oryza sativaL.)
Code Description
Principal growth stage 0: Germination
00 Dry seed (caryopsis)
01 Beginning of seed imbibition
03 Seed imbibition complete (pigeon breast)
05 Radicle emerged from caryopsis
06 Radicle elongated, root hairs and/or side roots visible
07 Coleoptile emerged from caryopsis 
(in water-rice this stage occurs before stage 05)
09 Imperfect leaf emerges (stil roled) at the tip of the coleoptile
Principal growth stage 1: Leaf development1, 2
10 Imperfect leaf unroled, tip of first true leaf visible
11 First leaf unfolded
12 2 leaves unfolded
13 3 leaves unfolded
1 . Stages continuous til . . .
19 9 or more leaves unfolded
Principal growth stage 2: Tilering3
21 Beginning of tilering: first tiler detectable
22 2 tilers detectable
23 3 tilers detectable
2 . Stages continuous til ..
29 Maximum number of tilers detectable
Principal growth stage 3: Stem elongation
30 Panicle initiation or green ring stage: chlorophyl accumulates
in the stem tissue, forming a green ring
32 Panicle formation: panicle 1–2 mm in length
34 Internode elongation or jointing stage: internodes begin to
elongate, panicle more than 2 mm long (variety-dependent)
37 Flag leaf just visible, stil roled, panicle moving upwards
39 Flag leaf stage: flag leaf unfolded, colar regions (auricle and
ligule) of flag leaf and penultimate leaf aligned (pre-boot stage)
1A leaf is unfolded when its ligule is visible or the tip of the next leaf is visible
2Tilering or stem elongation may occur earlier than stage 13; in this case continue
with stages 21 or 30
3If stem elongation begins before the end of tilering continue with stage 30
Rice Lancashire et al., 1991
Phenological growth stages and BBCH-identification keys of rice 
Code Description
Principal growth stage 4: Booting
41 Early boot stage: upper part of stem slightly thickened,
sheath of flag leaf about 5 cm out of penultimate leaf sheath
43 Mid boot stage: sheath of flag leaf 5–10 cm out of the
penultimate leaf sheath
45 Late boot stage: flag leaf sheath swolen, sheath of flag leaf
more than 10 cm out of penultimate leaf sheath
47 Flag leaf sheath opening
49 Flag leaf sheath open
Principal growth stage 5: Inflorescence emergence, heading4
51 Beginning of panicle emergence: tip of inflorescence emerged
from sheath
52 20% of panicle emerged
53 30% of panicle emerged
54 40% of panicle emerged
55 Middle of panicle emergence: neck node stil in sheath
56 60% of panicle emerged
57 70% of panicle emerged
58 80% of panicle emerged
59 End of panicle emergence: neck node level with the flag leaf
auricle, anthers not yet visible
Principal growth stage 6: Flowering, anthesis
61 Beginning of flowering: anthers visible at top of panicle
65 Ful flowering: anthers visible on most spikelets
69 End of flowering: al spikelets have completed flowering but
some dehydrated anthers may remain
Principal growth stage 7: Development of fruit
71 Watery ripe: first grains have reached half their final size
73 Early milk
75 Medium milk: grain content milky
77 Late milk
Principal growth stage 8: Ripening
83 Early dough
85 Soft dough: grain content soft but dry, fingernail impression
not held, grains and glumes stil green
87 Hard dough: grain content solid, fingernail impression held
89 Fuly ripe: grain hard, dificult to divide with thumbnail
4Flowering usualy starts before stage 55; continue with principal stage 6
Rice Lancashire et al., 1991
Phenological growth stages and BBCH-identification keys of rice 
Code Description
Principal growth stage 9: Senescence
92 Over-ripe: grain very hard, cannot be dented by thumbnail
97 Plant dead and colapsing
99 Harvested product
Appendix M: soil moisture retention curves at different depths from container
experiment-2015 (source: Albrecht, 2015)
Appendix N1: model simulations versus experimental observations of total
aboveground biomass in validation data set. Observed values (kg/ha) are shown
in x-axis and simulated values (kg/ha) are shown in y-axis.

Appendix N2: model simulations versus experimental observations of stem
biomass in validation data set. Observed values (kg/ha) are shown in x-axis
and simulated values (kg/ha) are shown in y-axis.

Appendix N3: model simulations versus experimental observations of green leaf
biomass in validation data set. Observed values (kg/ha) are shown in x-axis and
simulated values (kg/ha) are shown in y-axis.

Appendix N4: model simulations versus experimental observations of panicles
in validation data set. Observed values (kg/ha) are shown in x-axis and simu-
lated values (kg/ha) are shown in y-axis.

Appendix N5: model simulations versus experimental observations of LAI in
validation data set. Observed values (kg/ha) are shown in x-axis and simulated
values (kg/ha) are shown in y-axis.

